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Abstract

A multi-layered numerical model driven by seasonal change in sea surface heat flux with excess cooling was used to investi-
gate the dynamics of a cooling induced current (CIC) in the Japan Sea. The original idea of the CIC was proposed by Isoda
(1999) (Journal of Oceanography, 55, 585-596) as follows : eastward thermal flow in the interior region, i.e., Tsushima Warm
Current (TWC), accompanied with meridional thermal gradient on the planetary-3 plane would be determined by the heat bal-
ance between net heat loss at the sea surface and lateral heat transport from the southern entrance into the Japan Sea. The CIC
model produced a significant meandering TWC with an east-west wave number of three, based on the property of a standing
Rossby wave, only under the model condition that coexisted with seasonal disturbances of heat. A positive heat supply from the
southern entrance to the Japan Sea occurred in late winter, extended slowly to the TWC region as the offshore advection of mean-
dering patchiness in summer, and then contributed to the heat loss by sea surface cooling in the following winter. The whole
TWC region was cooled not only at the sea surface in winter, but also by eastward advection of upwelled cold waters originating
from the western boundary area in summer to autumn. The meandering flow was stably confined to the southern part because
of the dominant southward eddy momentum fluxes, which were caused by the northwest-southeast inclinations of meandering
ridge-axes. Owing to such seasonal change in the lateral transports of momentum and heat, the meandering TWC (or CIC)
flow pattern was maintained as a “‘dynamic equilibrium state”.

Key words : Cooling induced current (CIC), Tsushima Warm Current (TWC), meandering pattern, standing Rossby wave, lat-

eral transports of momentum and heat

Introduction

The Japan Sea is a marginal sea in the western North
Pacific, connected to adjacent seas through three shallow
straits less than 150 m deep, i.e., the Tsushima/Korea, Tsugaru
and Soya Straits. The mean depth of the Japan Sea is about
1,500 m, so deep water is completely separated from the other
seas. The cold (<1°C) nearly homogeneous water in the
deep part of the basin is called the Japan Sea Proper Water
(JSPW).  The Tsushima Warm Current (TWC) dominates
the upper layer flow from the Tsushima/Korea Strait and car-
ries warm water northward to about 40°N (Fig. 1(a)). A
polar front with a stable thermal contrast forms along this lati-
tude throughout the year (e.g., Isoda et al., 1991 ; Isoda et al.,
1992a ; Isobe and Isoda, 1997). Outflowing water through
the Tsugaru and Soya Straits comprises inflowing water of the
TWC and upwelled cold water from the intermediate waters
in the Japan Sea, which can compose up to several tens of
percent of the outflow (Nakajima et al., 2008 ; Ida et al.,
2016 ; Kuma et al., 2014 ; Iida et al., 2018). This suggests
that some of inflowing water sinks into the middle and deeper
layers in the Japan Sea. It seems that outflowing water does
not preserve at least the properties of inflowing water even

though the volume transport balance through the straits can be
taken.

The primary driving force of the TWC system is the sea
level (pressure) difference between the East China Sea and
sea areas east of the Tsugaru or Soya Straits, i.e., the inflow-
outflow dynamic process. Minato and Kimura (1980) first
proposed, based on Stommel’s theory (Stommel, 1948), that
the sea surface height difference between the north and south
straits might be caused by wind-driven circulation in the
North Pacific, and this difference might drive the inflow of
open ocean water into the Japan Sea. Many studies (e.g.,
Yoon, 1982a, b ; Kawabe, 1982 ; Ohshima, 1994 ; Hollo-
way et al., 1995 ; Kim and Yoon, 1996 ; Nof, 2000 ; Seung,
2003) applied this basic idea to numerical or analytical mod-
els with the inflow-outflow forcing through the straits. The
success of these external forcing models showed that two
types of boundary flow were controlled by the planetary-j
and topographic-B effects. One is the Western Boundary
Current (WBC) along the Korean peninsula, and the other is
the coastal boundary currents along the shelf off the Japanese
islands. In addition, a local sea level difference across the
Tsugaru or Soya Strait is given after the partial reflection phe-
nomena due to the genesis of gravitational waves over the
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Fig. 1. (a) Snapshot satellite infrared image around the Japan Sea in winter, retrieved by NOAA/AVHRR (http://odyssey.fish.hoku
dai.acjp/AVHRR/).  The tremendous contrast of the polar front between southern warm and northern cold waters is clear.
(b) Spatial distribution of the existence frequency for warm eddies, made by the long-term statistical analysis of the satellite
altimeter data (Fig. 9(d) of Morie et al., 2016).  Each symbol K, O and N with higher value means the location of “east of

LEaTs

Korean peninsula”,

north of Oki islands”, and “east of Noto peninsula”, respectively. (c) Schematic view for genesis of

the CIC system in the upper ocean of the Japan Sea (Fig. 2(b) of Isoda, 1999).

sill-topography in a nonlinear system (lino et al., 2009 ; Ida
et al., 2016). In other words, part of the inflow energy can-
not pass through the strait and accumulates at the upstream
side causing a rise in sea level, i.e., the occurrence of “form
drag” caused by topographically forced waves. Therefore,
the disturbance on this rise at the downstream straits can be
immediately communicated to the sea level variation at the
upstream Tsushima/Korea Strait by gravitational waves with
fast propagation speed (Kida et al., 2016 ; Han et al., 2018).
The flow pattern outside the boundary flows, i.e., the TWC
in the interior region, indicates complicated meandering,
accompanied with several synoptic warm/cold eddies (e.g.,
Isoda and Nishihara, 1992 ; Isoda et al., 1992b ; Isoda and
Saitoh, 1993 ; Isoda, 1994a ; Isoda, 1996 ; Isoda, 2004).
In general, it is difficult to specify this interior flow as a prom-
inent single flow path. A typical pattern was described by
Morie et al. (2015), who found a quasi-stationary meandering
flow pattern with a wave number of three. Specifically,
warm eddies remain relatively stable around K, O and N areas
shown in Fig. 1(b). Further, Isoda (1999) emphasized that

net heat loss through the sea surface is responsible for the
maintenance of the TWC in the interior region (eastward geo-
strophic flow) caused by the meridional thermal/density gra-
dient. This scenario was derived from the following
consideration : if the Japan Sea is supplied with heat not only
from the lateral advection of TWC but also at the sea surface,
the water temperature in the whole area will increase, and the
polar front will not form. Without worrying about that,
excess cooling through the sea surface in winter has been con-
firmed by heat budget analyses (e.g., Kato and Asai, 1983 ;
Iwasaka and Hanawa, 1990 ; Hirose et al., 1996 ; Na et al.,
1999). Isoda (1999) called this flow process a “cooling
induced current” (CIC) to distinguish it from the physical pro-
cess of inflow-outflow forcing.

Reconsidering the equilibrium heat balance on the whole
Japan Sea with renewed interest, Isoda (2003) revealed that
the above excess cooling occurs under two conditions : 1) a
closed deep basin, and 2) lateral heat transport to the southern
upper layer. This is realized by heat transport through deep
waters (JSPW), because the downward heat supply from the
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TWC to deep water must be balanced by heat loss from the
sea surface. Especially, the northern deep waters continu-
ously transfer heat to upper waters, and hence both waters are
easily mixed vertically. Such a heat condition would pro-
duce a significant thermal front at the northern boundary of
the TWC, i.e., genesis of the polar front. Then, the north-
ward heat transport of the TWC in the upper layer is regarded
to balance the heat loss from the sea surface. Generally
speaking, excess cooling through the sea surface in winter (net
heat loss) naturally occurs owing to continuous warming of
deeper water in a closed basin. In this sense, the JSPW
region is always in an unsteady state, as has been shown using
geochemical data (e.g., Gamo et al., 2001 ; Kang et al., 2003 ;
Kim et al., 2004 ; Kumamoto et al., 2008 ; Gamo, 2014).

Under the net heat loss through the sea surface in the Japan
Sea, Isoda (1999) described the formation of the CIC as fol-
lows (see Fig. 1(c)). At first, water in the northern area grad-
ually cools in winter, because it is far from the heat source in
the southwestern strait (Tsushima/Korea Strait) where the
water mass cannot cool due to the large heat supply from the
Kuroshio in the North Pacific. Next, in proportion to this
meridional thermal gradient, the eastward geostrophic CIC
will be generated on the planetary-f plane. As a conse-
quence, warm waters of the East China Sea will be brought
into the Japan Sea through the Tsushima/Korea Strait, result-
ing from the propagations of wave-like disturbances, e.g.,
Rossby and Kelvin waves. Thus, the CIC acts on the inte-
rior forcing in contrast with the external forcing of the inflow-
outflow process. Isoda (2011) tried to predict the future of
the TWC assuming that the CIC process would gradually
weaken due to the recent global warming and then cautioned
that the JSPW in an unsteady state could keep warming
regardless of global warming. However, the inflow from the
East China Sea must be predicated on the sea surface height
difference in the North Pacific. We should regard the
dynamical state of the TWC system as a modified inflow-out-
flow process due to the CIC. In this sense, sea surface cool-
ing may be the secondary driving force of the TWC system to
justify the steady state for the heat balance.

Isoda (1999, 2003) presented physical hypotheses of the
CIC as thought experiments using an idealized box model
without dynamical consideration using a realistic numerical
model. Several studies have developed numerical models
under actual conditions including seasonal variations of wind
stress and heat flux (e.g., Yoshikawa et al., 1999 ; Kim and
Yoon, 1999 ; Kim and Seung, 1999 ; Tsujino et al., 2008).
These models seemed to underestimate the vertical heat
advection because the heat flux was indirectly given by
assimilating observed temperature into the model surface
gird. Therefore, all solutions produced branching currents
along the boundaries, but the significant meandering flow of
the TWC could not be reproduced. Using a semi-analytical
model with an idealized buoyancy forcing (Spall, 2002),

Seung and Kim (2011) first suggested that the effective local
buoyancy forcing is essential for the formation of seasonally
varying eastern and western boundary currents. However,
the interior meandering flow was not formed yet, presumably
because of oversimplification in their analytical model.

We believe that when the sea surface heat flux (buoyancy)
is explicitly forced, the CIC will appear as the characteristic
flow pattern that satisfies the heat balance in the Japan
Sea. In the present study, we investigated the dynamics of
the CIC accompanied with the seasonal variations using a
multi-layered numerical model in which the essential condi-
tions allowed for two heat fluxes: 1) excess sea surface
cooling at the annual mean state and 2) a continuous lateral
heat supply from the southwestern entrance. There was no
momentum supplied from the wind stress and no explicit
external forcing of the inflow-outflow process. Such sys-
tems have emerged from efforts to include entrainment and
thermodynamics between the surface and middle layers.
Their advantage is dynamical simplicity, which allows only
the CIC process at work to be readily diagnosed. As a fur-
ther simplification, the major limitation in our model is that
since the deep ocean is assumed inert, any effects due to bot-
tom or shelf topographies are explicitly excluded.

Model description

To interpret the dynamics of the CIC process, a rectangular
ocean (1,000 km X 800 km) with flat bottom topography
(500 m depth), connecting two artificial channels (200 km
long X 100 km wide) with open boundaries at 200 m depth
was adopted in a model (Fig. 2(a)). The actual bottom depth
is much deeper in the Japan Sea, but 500 m roughly corre-
sponds to the depth of intermediate layer waters characterized
by a salinity maximum (e.g., Matsuoka et al., 2019), and
hence the bottom friction can be set to zero. The southwest-
ern channel corresponds to the Tsushima/Korean Strait and
the northeastern one to the Tsugaru or Soya Strait. The
ocean model used was the multi-layered Princeton Ocean
Model (POM, Blumberg and Mellor, 1987) on the plane-
tary-B plane. The parameter fy was evaluated at 33°N so
that ,=7.0X10 s "and B =1.8X10 "m 's™'. We
used Cartesian coordinates where the direction of the x-axis
was 20° from east to north.  The density field was a function
of only water temperature (salinity fixed at 34.0 psu).

The model was driven by net heat flux through the sea sur-
face, for simplicity, which was assumed to be spatially uni-
form over the entire model domain. Using long-term
observation data, Hirose et al. (1996) assessed that the annual
averaged net heat flux over the entire Japan Sea was negative
and ranged from —25 to —85 W m 2. Based on their
study, we selected an annual mean cooling flux of a = —70
W m~? and a seasonal amplitude with flux of b = 214.5
W m 2 varying sinusoidally over time. ~ So, the net heat flux
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Fig.2. (a) Multi-layered rectangular ocean model (POM) on the planetary-f plane, driven by the seasonal change in sea surface
heat flux with excess cooling (Q,), is used to investigate the dynamics of the CIC in the Japan Sea. (b) Vertical profile of

initial water temperature in this model.

0, was composed of mean and time-dependent parts as fol-
lows :

—pogin[2F ;4 37
O.=b sm(PH— 3

+a D

where P is the period of a one-year cycle (360 days). In this
model, the heating maximum of 145 W m ™2 occurred from
June to July, and the cooling maximum of —285 W m 2
occurred from December to January. In another experiment
forced by the annual constant cooling, we set b = 0.

As mentioned in the introduction, there is a unique lateral
heat source west of the Tsushima/Korea Strait at the open
boundary of the southwestern channel. In our CIC model
with the radiation condition without velocity forcing at the
open boundaries, the inflow-outflow through the boundaries
could be naturally generated by the propagations of interior
disturbances. To represent such a heat flux inflow across the
section of southwestern boundary (x = 0), 18°C seawater was
advected when u9T (y,z) / 9x <0 (u is velocity in the x direc-
tion) mainly during the cooling season, but the water tempera-
ture increased according to the boundary condition of
OT (y,z)/ Ox =0 when u9T (y,z)/ dx > 0 during the heating
season. During the cooling season, the instantaneous verti-
cal mixing resulting from the convection adjustment mecha-
nism was used to avoid unstable density stratification.

Grid spacing was 5 km X 5 km, which is sufficient to rea-
sonably resolve an internal radius deformation of about 30 km
in the TWC region of the model. There were 10 vertical
layers, and the thickness of each layer from top to bottom was
9m X 2, 18 m, 35.5 m, and 71.5 m X 6. The time step
was set at 450 s.  The horizontal eddy viscosity and diffusiv-
ity coefficients were set at 4,= 10°m*s ™' and K,= 5 X 10°
m’s” !, respectively. The vertical eddy viscosity coefficient
and diffusivity coefficients were both set at 4,= K, = 10°*

m’s .

Initially, the horizontal gradient of water temperature was
zero, i.e., the upper layer (0~214 m) was filled with 10°C
water and the lower layer (214~500 m) was filled with 4°C
water (Fig. 2(b)). Time integration continued until the end
of the 25th year when the model ocean reached a seasonal
variable equilibrium. The results from the 25th year are dis-
cussed in the following sections. In the experiment for
annual constant cooling, time integration over 45 years was
needed to reach a steady state.

Initial response and response time of
the cooling induced current

First, we examined the initial response of the model ocean
(Fig. 3). After 10 months, the surface temperature 7; at the
northern part rapidly decreased because of excess cooling in
winter and warmer (less dense) water was confined to the
southern coast. This meridional thermal/density gradient
surely generated the eastward geostrophic flow path, which
connected the inflow at the southwestern channel with the
outflow at the northeastern channel (not shown). In our CIC
model with a flat bottom, the internal Kelvin waves propagat-
ing from the heat source at the inflow channel contributed to
determining the flow path along the coast. As time elapsed
from 22 to 58 months, warmer water gradually moved off-
shore or northwestward from the southern coast due to the
propagation of planetary Rossby waves, while the northern
temperature continued to decrease. Although the meander-
ing with a wave number of four was developing around 58
months (during the 5th year), its wave number decreased and
was finally close to three at a steady state after the 25th year
(see Fig. 4(a)), probably according to the increase of inflow
volume transport.
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Fig. 3.  Surface temperature 7; fields at 10, 22 and 58 months
(0.83, 1.83 and 4.83 years) after the start of seasonal sea
surface heat flux Q, forcing.

Some characteristics of such an initial response could be
found in previous studies of interannual variations of the
TWC. Using the long-term data of sea surface temperature
in winter and coastal sea level, Isoda (1994b) suggested that
water from the East China Sea is brought into the Japan Sea
by cooling strengthened TWC, remarkably on a decadal time
scale. Further, there are reports of interdecadal variations of
1) hydrographic properties across the vertical section of the
TWC (Isoda and Korematsu, 1995), 2) surface mixed layer
water of the TWC region (Isoda and Kim, 1998), and 3)
inflow pattern around the Tsushima/Korea Strait (Isoda and
Tanaka, 1999). These three studies showed that relatively
cold, low-salinity waters appeared in the TWC region in cold
winters during the 1980’s and were closely connected with an
intensified inflow from the East China Sea.

Further, to extract such a response of the CIC component
from satellite Sea Surface Height Anomaly (SSHA) data,
Takamasu et al. (2019) carried out harmonic analysis of the
SSHA for a 8-year period with respect to similarities in the

interannual variation of the Asian Monsoon Index (MOI).
Their results confirm that the northeastward flow off the shelf
edge along the Japanese islands intensified only in the coldest
years, which is suggested by the maximum MOI. This
intensified CIC gradually migrates offshore for two years, and
then connects to the inflow in the Tsushima/Korea Strait via
the east coast of Korean peninsula with a time lag of about
three years. Thus, the actual response time scale of the CIC
and the model response was several years or more, which is
longer than seasonal variation with a one-year cycle.

Annual mean state of the cooling induced current
Annual mean flow field and volume transport

In the statistically steady state in the 25th year (Fig. 4), the
annual mean distribution of surface flow essentially repre-
sented the inflow-outflow circulation on the planetary-
plane, but what was remarkable was the meandering CIC,
which widely extended to the southern part of the model
ocean. The northward WBC formed along the western
coast, and its northern end was nearly confined by the latitude
of the outflow channel (Fig. 4(c)). However, the WBC had
an eastward geostrophic component in proportion to the
meridional broad pressure gradient, depending on surface
temperature or sea surface height fields (Figs. 4(a), (e)).
Therefore, the northward flow speed of the WBC gradually
weakened, and the eastward flow separated from the WBC in
the southern interior region. From satellite-tracked drifter
observations in the Japan Sea, Lee et al. (2000) found that
drifters frequently left the WBC region and moved to the east.

We identified the polar front as a relative clear thermal con-
trast, but the eastward flow accompanied by this front was not
so strong (Figs. 4(a), (c)). The northern sea area was occu-
pied by uniform cold waters less than 5°C (Fig. 4(a)) and had
the lowest sea level (less than —40 cm) in the whole model
domain, which is much lower than at the outflow channel
(nearly —20 cm) (Fig. 4(e)). Our CIC model eventually
produced the inflow-outflow circulation. However, the
extremely low sea level north of the polar front was never
reproduced by the inflow-outflow forcing alone, but resulted
from the CIC model.

Although the net eastward volume transport (net-Ve = Ve +
J'w) had a local maximum in September, its annual range was
about 0.3 Sv (Fig. 5(d)), which is much smaller than the
observed one (Takikawa and Yoon, 2005). On the other
hand, the annual mean volume transport of net-Ve through
both channels was about 2.15 Sv (Fig. 5(d)), which is close to
the typical order of the TWC at the Tsushima/Korea
Strait. It is interesting that the annual mean eastward com-
ponent (Ve > 0) increased drastically across the central section
(2 in comparison with those at channels (D and (® (Fig.
5(b)). It increased by 1.35 Sv to 3.50 Sv. This increase
was supplied by cold waters (< 3°C) from the lower layer (see
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Fig. 4. Annual mean horizontal distributions of the (a) surface temperature 7, , (b) bottom temperature 7; , (c) surface current vec-
tors u,- v, , (d) bottom current vectors u,-vs , (¢) sea surface height 7 , and (f) vertical velocity at 285 m depth Wo_ss,
respectively. Three open circles with dotted lines in (a) denote the ridges of meandering flow. These ridge-axes tend to
be inclined from northwest to southeast. The volume transports discussed by using Fig. 5 are calculated across three lines
in (c) and (d), named by symbols of (D (inflow channel), (2) (central section) and (3) (outflow channel).
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Fig.5. (a) Sinusoidal function of forced sea surface heat flux On
with a one-year cycle. The seasonal change in repro-
duced volume transports for the (b) eastward component
(Ve>0), (c) westward component (Jw < 0), and (d) net
eastward component (net-Ve = Ve + Vw) across three
lines (1, @ and (3)), shown in Figs. 4(c) and (d).

Fig. 4(b)) with a reverse transport of ¥w = —1.35 Sv (@) of
Fig. 5(c)) through upwelling along the WBC (red area in Fig.
4(f)). Continuity requires downwelling along the eastern
coast (blue area in Fig. 4(f)). These flows are schematically
shown by arrows in Figs. 4(e) and (f). This latitudinal verti-
cal circulation (recirculation process within the Japan Sea)
and the extremely low sea level at the northwestern part are
unique characteristics of the CIC model.

Yoshikawa et al. (1999) studied overall features of basin-
scale model circulation of the intermediate water using the
annual mean Lagrangian velocities on the 32 o, surface
(nearly 27.3 oy surface). Lagrangian velocity field shows
that southwestward transport of the intermediate water takes
two major routes : along the continent in winter and along
the Japanese coast in summer. Matsuoka et al. (2019) exam-
ined hydrographic data in the Japan Sea to understand the
transport path of High Salinity Intermediate Water (HSIW)
with a density greater than 27.3 6,. The spatial distribution
of the acceleration potential on the 27.33 o, surface suggests
that HSIW was transported southwestward from the subarctic
area north of the polar front. Mori et al. (2006) also investi-
gated hydrographic data along two observation lines west of
the Tsugaru Strait and showed that HSIW tended to appear
more prominently in autumn than in spring. This seasonal-
ity of HSIW appearance is qualitatively consistent with our
model result. As seen in (2) of Fig. 5(c), the westward bot-
tom flow (Fw < 0) across the central section has a local maxi-
mum in June between spring and autumn. Thus, this
intermediate flow with HSIW must be evidence for the west-
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ward bottom flow (Fig. 4(d)) below the eastward TWC (Fig.
4(c))-

Meandering pattern

The lateral wave number of the reproduced meandering
flow was three, and its wavelength was about 250 km. This
is similar to the quasi-stationary flow pattern of the TWC, i.e.,
typical three major warm regions shown in Fig. 1(b). There
are two possible formation mechanisms for such a
meandering : an instability wave and a standing Rossby
wave. We confirmed that the former possibility was low (see
Appendix A for details), and hence the latter possibility will
be proposed in this study.

For a density-driven solution in our CIC model, there was
upwelling/downwelling along the western/eastern boundary
and westward flow at the bottom of the upper layer, both
associated with the thermal-wind circulation and existing
only on the planetary-f plane. Upwelling of cold water
along the western boundary considerably weakened the
warmer WBC, so a broad eastward flow originating from the
WBC was generated in the whole TWC region. In such a
physical situation, the standing Rossby wave is thought to
have formed by the westward propagation speed of the baro-
clinic Rossby waves balancing a broad eastward flow speed.

Here, the analytic theory of a standing Rossby wave using

a reduced gravity model of Morie et al. (2015) extends to that
of the two-layered model. When the meridional averaged
surface velocity of eastward meandering flow is given by U,
the dispersion relations of the surface-trapped (|4/B[>1) and
bottom-trapped (|4/B|<1) disturbances are given as the fre-
quencies o (k) and o- (k) (see Appendix B for their deriva-
tions). Any constants of 4 and B are the upper and lower
disturbance amplitudes, respectively. Using several parame-
ters of our model result, the obtained dispersion curves and
the amplitude ratios of A/B are shown in Fig. 6(a) when U =
2.2 cm s~ ' and, for comparison, in Fig. 6(b) when U = 0.0
cms”'. It is understood that a positive U changes the baro-
tropic Rossby wave (U= 0 and A/B = 1) of o_ (k) to the bot-
tom-trapped wave in all wave numbers and the baroclinic
Rossby wave (U= 0 and A/B= —1.5) of 5 (k) to the surface-
tapped or bottom-trapped wave depending on the wave num-
ber.

Since each curve of - (k) and o- (k) in Fig. 6(a) is inde-
pendent, i.e., non-resonant state, we can reaffirm that the
meandering was not a baroclinic instability wave. As will
be shown later, it seems that even under the seasonal change
in heat flux, the meandering state with wave number of three
remained almost unchanged in all seasons. On the disper-
sion relation, this state corresponds to the standing Rossby
wave with zero frequency. It is denoted by a small open cir-

c 0.3+ N c 03
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(@ "o, ¢ (b)§ **) o,
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=) <o 2
B 0.2 fL T8 024
g g % g8
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Fig. 6.

(a) Upper panel is the dispersion curves of o (surface-trapped wave with |4/B[> 1) and o- (bottom-trapped wave with
|4/B|< 1) in eqs.(A12)~(A16) using the parameters of model result.
amplitude ratio of surface-trapped (4) to bottom-trapped (B) disturbances.

Lower panel is the same as upper panel except the
If A/B > 0 (A/B <0), the upper and lower distur-

bances are in phase (out of phase).  (b) is the same as (a) except for U=0.0 cm s ', and is drawn to theoretically understand

the effect of U on the dispersion relation.
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cle in the upper panel of Fig. 6(a), where a curve o (k) of the
surface-trapped wave intersects the axis of wave number.
That is, the phase speed is zero as o (k) = 0, and the wave-
length is about 225 km. Note that this standing Rossby
wave has a non-zero group velocity of Cg~1.0 cms™'> 0
(inclined broken line), which is about half of the eastward
mean flow speed U = 2.2 cm s~ ' > 0 (inclined solid line).
This positive group velocity of surface disturbance implies
that the kinetic energy of the standing Rossby wave is always
transported downstream.  In addition, the amplitude ratio A/
B of standing Rossby wave is infinite, i.e., solution for surface
disturbance only with B~0. This implies that the TWC in
the standing Rossby wave state becomes harder to feel the
bottom topography. If so, the reduced gravity model of
Morie et al. (2015) may still be a useful theory to discuss the
TWC as a standing Rossby wave.

As for the interannual time-varying flow pattern, Morie et
al. (2015) reported that abrupt developments and declines of
the meandering TWC were observed three or four times dur-
ing 1993-2011. Using a reduced gravity model forced by
temporal change in eastward flow speed, Morie et al. (2015)
inferred that such successive increases in amplitude occur
according to a certain value of eastward flow speed, and
asymmetrical response in periods of increasing and decreas-

Constant cooling
(a) Q=70 Wm2

ing eastward flow appears due to the different dispersive
properties of Rossby waves. If this speculation is correct, it
will be very difficult to predict whether meandering will
develop or not. More detailed discussion for such interan-
nual response, however, is beyond the scope of the present
study and is a future issue.

Difference from the experiment without seasonal change in
surface heat flux

On the mechanism for the genesis of the CIC proposed by
Isoda (1999), the seasonal change in surface heat flux is not
always necessary. Therefore, the model result forced by the
annual constant negative heat flux, i.e., constant sea surface
cooling, can produce the CIC (Fig. 7(a)). However, its flow
structure differed from that of the annual mean state with sea-
sonal change in heat flux (Figs. 4(a), (c)). To enhance the
difference from the results of annual mean state with seasonal
heat flux, the horizontal distributions of anomalies for
AT, =T, —T, and Au, =u, —its - Avs = v, — v, are shown in
Fig. 7(b). In the model without seasonal heat flux (Fig.
7(a)), surface eastward density current widely spread to the
northern end, and the meandering was not clear. In a differ-
ence from the model with seasonal heat flux (Fig. 7(b)), the
water temperature increased in most areas except in the north-

Fig.7.  (a) Steady state after 45 years for the surface temperature field 7; and the surface current field u;- v, in the model forced by
annual constant cooling. ~ (b) Horizontal distributions of their anomalies from the annual mean surface temperature 7 in
Fig. 4(a) and the annual mean surface current z;, - v, in Fig. 4(c), i.e., AT. =T, — T, and Aus = us —us - Avs = v, — v fields,

respectively.
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western area (this area had a negative AT; value), and the
eastward flow confined by the southern region disappeared
(this is indicated by locally intensified eastward flow of Au;,
Avy). Yoon (1982a) carried out a similar numerical experi-
ment under the annual mean atmospheric conditions and also
pointed out that a sharp thermal front corresponding to the
polar front did not form.

Our interpretation of the result in Fig. 7(a) is as fol-
lows. To balance the annual constant heat loss from the sea
surface, there must be lateral heat transport. Therefore, as a
necessity, warmer water is advected as northward as possible
along the western boundary and is steadily supplied to the
whole area by an eastward flow spreading in the meridional
direction. Conversely, in the model with seasonal heat flux,
the loose restriction satisfying net heat balance within a one-
year cycle was responsible for the formation of a significantly
meandering CIC. That is, owing to the seasonal change in
heat transport, the meandering flow pattern was maintained as
the annual equilibrium state, so in the present study we call
this the “dynamic equilibrium state” of the CIC.

(@ T,

4
wnms“‘

Seasonal variations in the cooling induced current
Sea surface temperature

The temperature field showed seasonal variation (Fig.
8(a)), i.e., a basin-scale warm in August during the heating
season and cold in February during the cooling season. The
northern end of the warm region (the polar front) exited
throughout the year. Its position was almost stationary, but
its intensity strengthened in summer (August) and weakened
in winter (February). As mentioned earlier, the meandering
with a wave number of three remained in nearly the same
location all seasons.

The most remarkable seasonal variation of temperature
occurred along the northeastern boundary, suggesting a down-
welling (Fig. 4(f)), which corresponds to the western area of
Hokkaido located north of Tsugaru Strait. Around this area
from February to May, the coldest water was less than 5°C,
and the warmer TWC disappeared. ~After the start of heating
in May, the coastal trapped thermal flow intruded slowly
northward from August to November. Such a pattern varia-
tion is consistent with that of observational study by Higaki et
al. (2008), who reported the seasonal occurrence of the TWC
based on the mode-water analysis using hydrographic data off

(c) ag /ot (d) FC

Fig. 8.  Seasonal change in the horizontal distributions of the (a) surface temperature 7;, (b) surface current vector u; - vs, (c) temporal
variation of relative vorticity at the sea surface dg, / dt, and (d) lateral heat transport C, shown by successive four months
of February, May, August and November. Open circles in (a) denote three ridges of meandering flow.  Strong current
speed (> 10 cm s~ ") in (b) is enhanced by red color. The locations of positive (red color) and negative (blue color) dg, / Ot
in (c) are shown using letters “a” to “f”.  The area with positive higher transport in (d) is highlighted by the darker gray

scale, while white area denotes a negative transport.
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the west coast of Hokkaido (not shown).

Surface flow pattern

Figure 8(b) shows the seasonal change in surface velocity
field us-Vs in the same months of 7; shown in Fig. 8(a).
The surface flow showed an evident meandering, which
weakened in February and strengthened in August. To
examine the seasonal evolution and decay for the meander-
ing, temporal change in relative vorticity (s) at the sea sur-
face, i.e., dg, / Ot, was calculated each month (Fig. 8(c)).
When the meandering intensified from May to November, the
east-west locations of positive and negative d¢, / Ot areas are
shown using letters “a” to “f”. In May, striped pattern of
dgs / Ot from “a” to “c” first appeared at the western/upstream
side. After that, the similar pattern from “d” to “f” gradually
intensified in turn further to the eastern/downstream
side. Although the locations of “a” to “f” remained almost
unchanged, the intensified pattern denoted by an arrow slowly
moved eastward/downstream with a propagation speed of 1.0
~1.6 cms™'=(300~500 km)/360 days. This implies that
the disturbance accompanied by meandering had a nearly
zero phase velocity and a positive group velocity. Such
properties are consistent with the dispersive characteristics of
standing Rossby wave (Fig. 6 in this paper) and are similar to
the seasonal change in relative vorticity estimated from satel-
lite SSHA (Figs. 8(b) and 9 of Asahi et al., 2016).

Annual harmonic component of surface flow

We looked at the anomaly field of velocity from annually
averaged values because the seasonal disturbance of a stand-
ing Rossby wave affects the genesis of meandering CIC.
Using harmonic analysis with a period of 360 days, the hori-
zontal distribution of annual velocity ellipses is shown in Fig.
9(a). Anti-clockwise ellipses (blue) and clockwise ellipses
(red) indicate elongate distributions from the northward and
southward ridges of meandering, respectively, to the south-
west.

Figure 10 displays the anomalies of annual harmonic
velocity field every two months from May to November. In
May, the inflow at the southwestern channel strengthened,
while the outflow at the northeastern channel and the offshore
side flow of the meandering weakened. ~Thereafter, the east-
ward meandering in whole area gradually intensified, and the
meandering became strongest from September to November.
Then, the anomaly field in November had the opposite pattern
in May. Such a slow intensification of eastward meandering
is readily understood by considering a positive group velocity
of a standing Rossby wave and can be supported by the flow
patterns estimated using coastal sea level data (Fig. 4 of
Ishikawa et al., 2007) and satellite SSHA data (Fig. 8(a) of
Asahi etal., 2016).

0.05m-5""
—

.'nj[ 0.1m st
s

W Anti-clockwise

(a)

(b) .,

-5.0-2.5 -0.5 0.5 2.5 5.0
(% 104mis?)

Fig.9. (a) Horizontal distribution of annual velocity ellipses.
Clockwise ellipses are shown in red, and anti-clockwise
ellipses are shown in blue. The straight line in each
ellipse indicates the phase of 0 day. (b) The horizontal
distribution of stress component .., averaging one-
year by using the velocity ellipse data in (a). A super-
imposed dotted line in both figures illustrates the surface
isotherm of 10°C at the annual mean state.

Seasonal changes in eddy momentum flux and
lateral heat transport

North-south transport of eddy momentum flux

Our model results indicate that seasonal disturbance (u,'v,")
was required to generate the meandering flow pattern (u; - vy).
Eddy momentum flux accompanied with such a disturbance
may be viewed as Reynolds stress with a seasonal time
scale. To illustrate the effect of the north-south transport by
Reynolds stress on eastward mean flow, Fig. 9(b) shows the
horizontal distribution for the stress component ., aver-
aged over a one-year period using the velocity ellipse data in
Fig. 9(a). The negative flux drawn in blue (u.'u,’ < 0) dom-
inated around the interior meandering region. This implies
that the eastward flux (. > 0) was transported to the south
(u,’ < 0) or the westward flux (u.” < 0) was transported to the
north (1, > 0), so the eastward mean flow was confined to
the southern part and strengthened. The estimated baro-
tropic instability in Appendix A suggests that the index of
N’ <0 at the southern half area indicates the energy conver-
sion from eddies into the mean flow (see Fig. Al(a)).

Jacobs et al. (1999) analyzed satellite altimeter data for the
effect of mesoscale eddy variability in the TWC region and
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Fig. 10. Anomalies of annual harmonic velocity field every 2
months from May to November, made by using the
velocity ellipse data in Fig. 9(a). The velocity vectors
with eastward (westward) component are drawn by red
(blue) color in order to emphasize the strength sense of
eastward meandering.

gave the opposite conclusion from our result, i.e., the momen-
tum flux due to the eddy variability aids in the northward
transport. Then, Jacobs et al. (1999) emphasized the impor-
tance of mesoscale influence through upper ocean-bottom
topographic coupling. Unfortunately, we cannot discuss the
cause of both different conclusions, because such coupling
effect is explicitly ignored in our model with a flat bottom.
The reason why u.'u,/ < 0 occurred in our model is that the
direction of ridge-axis of meandering was not just north-
south but rather slightly inclines to northwest-southeast, as
clearly seen in the meandering pattern itself at the mean state
(Figs. 4(a), (c)) and in the temporal disturbances of dgs / 0t
(Fig. 8(c)). We can expect that this southward transport of
the eddy momentum flux will continue to increase indefinitely
because these ridge-axes are further inclined by the southern
intensified eastward mean flow and, in reverse, its eastward
flow is further intensified according to a larger inclined ridge-
axis. Such a relationship indicates the positive feedback

system, which maintains or strengthens the meandering CIC.

Seasonal transport of lateral heat flux

We consider that the dynamic equilibrium state of flow pat-
tern will be determined by the interaction between southward
eddy momentum flux as mentioned in the previous subsection
and northward positive-heat transport as examined in this
subsection. By subtracting the forced surface heat flux (Q,)
from the temporal change in heat capacity vertically inte-
grated from surface to the model bottom (DH), the lateral heat
transport (FC=DH —Q,) is given. Here, DH was calcu-
lated by the following equation :

DH = p,C.AT / At @

where pv (= 1.025 X 10°kg m®) and C,. (= 3.993 X 10’
Jkg'°C™") are the water density and specific heat of seawa-
ter, respectively. We selected Az = 10 days in each month,
and AT is the temporal change in vertical integrated
temperature during the same 10 days.

Figure 8(d) shows the horizontal distributions of lateral
heat transport FC in February, May, August and Novem-
ber. These model results can be compared with those of a
similar analysis using the observed data, i.e., Fig. 3 of Nakada
et al. (2002). The most important result is that a positive
heat transport into the model Japan Sea from the southwest-
ern/inflow channel did not occur throughout the year, but only
in the late winter. In February during the latter half of cool-
ing season (see Fig.5 (a)), the area with a local maximum
positive heat transport appeared along the southern boundary
near the inflow channel. In May at the start of surface heat-
ing, while the positive heat transport advanced rapidly along
the southern coast, its local maximum migrated slightly east-
ward as forming a large patchiness. Since the meandering
intensified during the heating season, this patchiness in
August split into several small ones, and were gradually
advected offshore and downstream. The observed FC distri-
butions of Nakada et al. (2002) similarly show that several
positive patchiness appear along the Japanese islands (Hon-
shu) in spring (April), moves from coastal areas to offshore or
north in summer (August). In addition, the model result in
August indicated that the negative heat transport (shown in
white) appeared mainly around the upwelling region near the
WBC. In November during the former half of the cooling
season, this negative area widely extended to the meandering
TWC region. Interestingly, such negative heat transport also
agrees with the observational results in December of Nakada
et al. (2002).

Roughly speaking, for the seasonal heat budget in our
model result, the positive heat supply from the southwestern
channel occurred only in late winter, extended slowly to the
TWC region as offshore advection of some meandering
patchiness in summer, and then contributed to the heat loss by
sea surface cooling in winter. We also suggest that the
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whole TWC region is not only cooled in winter, but also east-
ward advection of upwelled cold waters originating from the
WBC region in summer to autumn.

Summary and discussion

In the present study, we succeeded in producing a mean-
dering TWC with an east-west wave number of three using a
CIC model forced by seasonal change in sea surface heat flux
with excess cooling. The dynamical properties for this
meandering were not understood by an instability wave, but
could be explained by a standing Rossby wave. Our CIC
model’s characteristics are as follows 1) latitudinal vertical
circulation was caused by upwelling/downwelling along the
western/eastern boundary due to the thermal-wind circulation
on the planetary-f plane, and 2) the lowest sea level in the
northwestern cold region, which was much lower than at the
outflow channel. Such a flow pattern never formed in the
CIC model forced by annual constant cooling. That is, the
meandering TWC had a “dynamic equilibrium state” includ-
ing seasonal variations of momentum and heat transport. In
other words, seasonal disturbance is a necessary condition to
generate the meandering flow.

The following scenario was repeated over a one-year
cycle. Excess cooling in winter weakened the meandering
flow, but strengthened the coastally trapped thermal flow near
the heat source of the inflow channel. ~ This thermal flow sig-
nificantly contributed to the lateral heat supply and the south-
ern intensified eastward flow.  On the planetary-$ plane, sea
surface heating in summer cannot confine the thermal flow
near the coastal area, and hence the lateral heat content gradu-
ally moved offshore/northward from the coastal area. This
offshore heat supply slowly intensified the meandering flow
according to an adjustment process of a standing Rossby
wave. At this time, the meandering flow could be stably
confined to the southern part because of the continuous south-
ward eddy momentum fluxes, which were caused by a north-
west-southeast inclination of the meandering ridge-axes. In
the next winter, the intensified meandering weakened again.

Our CIC model could reproduce an inflow-outflow system
with a reasonable annual mean volume transport, but failed to
reproduce the annual range of volume transport.  To resolve
this failure, the seasonal variable inflow-outflow should be
used as the external forcing. It is known that the outflow
condition through the Soya Strait showing a clear seasonal
variation is very important (Tsujino et al., 2008 ; Kida et al.,
2016). Wind-induced flow eliminated in our model also
may have affected the advection field of heat transport. ~For
instance, Asahi and Isoda (2017) simulated that the positive
curl of wind stress in the northern Japan Sea, where the plane-
tary-8 in the lower layer is locally cancelled by the topo-
graphic-f3, plays an important role mainly in the seasonal
change of deeper circulation. If so, the actual bottom topog-

raphy should be considered. Then, we would be able to dis-
cuss the truth of the importance for the eddy momentum flux
due to coupling effect between the upper-ocean and topogra-
phy, suggested by Jacobs et al. (1999). The observed net
heat flux through the sea surface, which is actually determined
by the interaction between sea and atmosphere, is never spa-
tially uniform (e.g., Hirose et al., 1996). Therefore, the uni-
form value of heat flux we used has incorrectly overestimated/
underestimated the surface cooling in winter at the northern/
southern part. Thus, it is difficult to make insight into the
dynamics of more realistic complex TWC systems. Never-
theless, our model result is still of interest because the mean-
dering CIC process should be active in the interior flow of
TWC region.

Appendix A : Energy transfers for barotropic and
baroclinic instabilities

Energy analysis proposed by Masina et al. (1999) was per-
formed to understand the energy generated in the meandering
region of our model.  Each variable of ¥ = (u,v) (horizontal
velocity vector), w (vertical velocity) and # (density) can be
decomposed into a time mean (annual mean) and a deviation
(seasonal variation) forms denoted by overbars and primes,
respectively

V=v+V' (A1)
w=w-+w (A2)
p=p+p (A3)

The equation for eddy kinetic energy K, = %V’V’ is given
by

OKe
ot

+(?-VKe+7v~Kez)+(V’-VKe+m/-Kez)

=—V'VP - poV’(V’.v?+ w’-?z) + poV’(V'~VV' +w- V;')
(A4)

Here, the terms on the left side of eq.(A4) are the local ten-
dency, the total advection by mean flow, and the total advec-
tion by eddies of K.. On the right side, the first term is the
pressure work done by eddies, the second term is the horizon-
tal and vertical deformation work term, and the third term is
zero over the time mean. The horizontal deformation work
terms in eq.(A4) using northward and eastward component
velocities of (u),u. ) can be expressed by

N = fV’<V’~VV)

uelle=p =+ ueun[ Jy r J+ Unldn Jy (AS)

When N' > 0, it represents the conversion from mean kinetic
energy K, into eddy kinetic energy K, (Wells and Ivchenko,
2000). This energy transfer is due to the work of Reynolds
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(a) Barotropic instability
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Fig. Al. (a) Horizontal distribution for the energy transfer term N at the sea surface and (b) vertical distribution for the energy trans-
fer term A’ across the central section C-C’ in (a). They were calculated from the model results over a one-year period.
The region with positive sign of N” in (a) and A’ in (b), respectively, corresponds to the occurrence of barotropic and baro-

clinic instabilities.

stresses against the horizontal shear of mean flow. Such
energy transfer is commonly referred to as “barotropic insta-
bility”.  Conversely, when N’ < 0, there is an exchange from
K. to K);, and eddies act to strengthen the mean flow.

The equation for eddy potential energy P =——&— p/p’
(Oort and Ascher, 1989) is given by P:

OPe
ot

+(?-VPe+7v~Pez)+(V’-VPe+u/~Pez)

- —gﬁ—%p’(ﬂvﬁ) +-8 (V' -vp +wW-pl)

el
N

(A6)
where P is the horizontal averaged density distribution over
the time mean. The terms on the left side of eq.(A6) are the
local tendency, the total advection by mean flow, and the total
advection by eddies of P,. The first (called B’) and second
(called 4’) terms on the right side of eq.(A6) are the energy
transfer between P, and K., and the third term is zero over the
time mean. The energy transfer term B’ is locally strongly
modified by upwelling and downwelling. ~ Since the transfer
term B’, which involves vertical velocity, is strongly influ-
enced by flow over the rough bottom topography, this term
may not give a reliable indication of local instability processes
according to Beckmann and Boning (1994).  Therefore, only
the transfer term A” was examined as an indication of the
“baroclinic instability” to understand the eddy-generating
mechanisms, 1.€.,

" Op ', 9p
R E—— Ue P —+Un P —3—
A=_8 Y. vVp)=— x Jy
)
0z
(A7)

When 4’ >0, corresponding to the “baroclinic instability”, it
represents the transfer from mean potential energy Py, to eddy

potential energy P..

The energy transfer term N’ is much smaller than the trans-
fer term A4, so the energy transfer due to the barotropic insta-
bility is less dominant (Fig. Al(a)). The baroclinic instability
with 4’ > 0 is limited only to the upper southern boundary,
where a strong upwelling exists year round. Since the off-
shore surface region always has 4’ < 0 (Fig. A1(b)), we think
that the genesis for meandering cannot be explained by both
baroclinic and barotropic instabilities.

Appendix B : Dispersion relation of
standing Rossby wave

A two-layer model under the eastward flow on the plane-
tary-f3 plane (Fig. A2) is considered to be a better interpreta-
tion for the meandering as standing Rossby waves. Based
on the annual mean state in our CIC model, the meridional
width of the TWC region is L = 500 km, the mean thickness
of the upper layer is H,,= 200 m, and the full depth of the
model is D = 500 m. The meridional averaged surface
velocity of eastward meandering flow (U) is given as 2.2
cm s '. In the liner theory, U is considered as an external
force in the geostrophic current as follows :
« dHy

dy
where € = 0.03 m s is the annual mean reduced gravity,
H, is inclined upper layer due to the geostrophic flow U.
The values of the Coriolis parameter f; and planetary S are the
same as those in the numerical model.  The linearized vortic-
ity equations in the upper and lower layers under the quasi-
geostrophic approximation expressed by the pressure
anomalies of B" and B', are given by

(A8)
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Fig. A2. Schematic view of two-layer analytic model on the plan-
etary-f plane with a constant eastward surface flow U.
The meridional section of interface accompanied by the
eastward flow of U is depicted.

0 0 2p/ 2 p/ / 2\ OR _
(W-FUW)(VR 2 —Pz))+(/3+/11 v) 9 —o
(A9)
0 / Y / _ op/
DR 2B - B+ (p-s0) O —0
(A10)

where b =+/g"Hn / fo and 22 =1/g (D—Hn) / fo are the

internal deformation radius of upper and lower layers, respec-
tively. The solutions of B’ and B’ have the following forms

R = Asin (%)ei(’“"“’) P — Bsin (%)ei(kx—m)
(Al1)

where k is the east-west wave number, and o is the fre-
quency. The constant values of 4 and B are the upper and
lower disturbance amplitudes, respectively. From eqs.(A9)
to (A11), the dispersion relations are given by

o.m B o BIA (A
A=P(P+A7+ 17 (A13)

B=[kP (20 + A7 + 2a7) = BUP (PP +247°)|  (A14)
A=K (27 4+ 227) |+ KU (1~ 427057)

+2CUBI (A7 = 12°) (A15)

P=ik*+ 2z Y Al
- L (Al6)

Here, when A >0, o (k) and o_ (k) are independent fre-
quencies in the surface-trapped and bottom-trapped distur-
bances. If A<O0, the solution has a one-frequency
including the imaginary part, i.e., the baroclinic instability
wave.
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