Chapter 4
Circulation
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Abstract Recent basin-wide direct observations of near-surface circulation in the
East Sea (Japan Sea), using satellite technology, reveal new circulation features. The
East Korea Warm Current and Eastern Branch, originating from the Tsushima Warm
Current, join to form the East Sea Current in the interior of the southern East Sea
after leaving the coast. The formation mechanisms of the East Korea Warm Current
and the Eastern Branch are diverse and their detailed dynamics are discussed in this
chapter. The East Sea Current then exits the East Sea mainly through the Tsugaru
Strait and this new current system is well reproduced by numerical models. The
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Nearshore Branch and the North Korea Cold Current are only observed in summer
months (May—August) and reversal of the North Korea Cold Current during winter
is observed by the drifters. Mesoscale eddies are prevalent in the southern East Sea.
They congregate in meridional bands and eddies are born, grow, propagate, and decay
in a band determined by the vorticity of the mean flow. Many anticyclonic eddies in
the Ulleung Basin (a negative vorticity zone) have life spans longer than one year,
being sustained by kinetic energy received from the meandering mean flow. Deep
water in the Japan Basin circulates cyclonically, and part of it penetrates into the
southern Ulleung and Yamato basins through the channels and gaps. Deep cyclonic
circulation in the Japan Basin appears to have strong mean currents of 4-8 cm s~
along the perimeter of the basin and slow flows of 1-3 cm s~! in the basin’s inte-
rior. In the Ulleung Basin the deep flow is weak and highly variable with alternating
cyclonic and anticyclonic sub-basin-scale cells. Deep circulation in the Japan Basin
shows a distinct seasonal cycle with maximum speed in March and minimum speed
in November. The seasonal variation of deep currents is not strong in the Ulleung
and Yamato basins but the dominant variability is found to be in the 5-60-day period
band. The deep circulation may be formed by cold-water convection rather than sur-
face wind forcing, but the driving mechanism of the deep circulation is one of the
unknown issues in the East Sea. Numerical simulations with realistic topography and
forcing, high resolution, and lateral boundary conditions produce pictures of the cir-
culation with many of the features observed in the entire East Sea, and they provide
an opportunity to understand the dynamical processes of the East Sea circulation in
detail. Numerical models with data assimilation have also been attempted success-
fully to interpret the near-surface and deep circulations in the East Sea.

Keywords Circulation + Currents * Dynamics + Numerical models < East Sea
(Japan Sea)

4.1 Introduction

Maps of ocean near-surface circulation were historically drawn by compiling ship-
drift data logged by sailors. Ship-drift data from merchant ships on the East Sea
were scant and most of the information on the basin-scale surface circulation was
based on hydrographic data. Uda (1934b) first performed basin-wide hydrographic
surveys in the East Sea and was able to draw a current map which, until recently,
was used extensively. Determination of the absolute current from hydrographic or
Acoustic Doppler Current Profiler (ADCP) data has spatial and temporal limitations
such as infrequent sampling, insufficient coverage by shipboard observation, and
difficulty of defining a reference-level velocity in the shallow coastal sea. But basin-
wide absolute current observations have been performed using recently developed
satellite remote sensing technology. Sections 4.2 and 4.3 describe mean and tem-
poral variations of East Sea near-surface circulation, including mesoscale eddies,
based on 325 satellite-tracked drifters deployed mostly in 19962008, and satellite
measurements of sea surface temperature (SST) and sea level anomaly (SLA).
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The existence of the thermohaline circulation (THC) or the conveyor-belt sys-
tem has often been referred to as one of the oceanic characteristics of the East Sea
(Gamo 1999; Kim et al. 2001). As in the North Atlantic, the THC of the East Sea
consists of deep-water formation processes (see Chap. 3 and references therein),
interior upwelling processes, surface return flows (Park 2007), and deep circula-
tion. The upwelling processes are largely unknown, however, mass balance con-
siderations cast doubt on significant upwelling occurring across the 1800 m depth
level in the central Ulleung Basin (UB) (Chang et al. 2009). Section 4.4 describes
deep currents directly observed by Argo or Argo-type floats and current meter
moorings in the East Sea as a branch of the THC, followed by a short review of
the THC strength. Parking depths of the floats ranged from 700 to 800 m, but they
are regarded as representing currents at 800 m since vertical current shear is weak.
Water at 800 m depth corresponds to East Sea Central Water according to Kim et al.
(2004a). The moored current measurements have been carried out mainly between
700 m depth and near the seabed. The history of float and moored current observa-
tions in the East Sea is introduced in Chap. 1. Water mass formation and character-
istics of subsurface water masses with their variability are detailed in Chap. 3.

As described in Chap. 3, water masses in the East Sea are usually divided into
three layers: the upper, intermediate, and deep layers. It is not clear whether cir-
culation patterns also change from one water mass to another. Observations indi-
cate that coupling between the upper layer occupied by Tsushima Warm Water
(TWW) and the underlying layers is very weak, whereas that between the interme-
diate and deep layers is much stronger (Kim et al. 2009a). In fact, some observed
deep currents show a weak bottom-trapped nature extending up to the intermediate
layer, and are very different from the overlying currents carrying the TWW (Kim
et al. 2013). Weak coupling between the upper and underlying layers can also be
inferred dynamically from the fact that currents carrying the TWW are driven by
inflow and outflow, whereas the underlying layers, nearly homogeneous in the ver-
tical and much denser than the overlying layer, are isolated within the East Sea
basin. The region north of the subpolar front, referred to as the cold-water region,
is occupied by water colder than the TWW. In the cold-water region, the coupling
between the upper layer and the underlying layers is not clear, but it seems to be
stronger than that in the TWW region because of weaker stratification, especially
in winter when the cold water-region loses much buoyancy through intense cool-
ing (e.g. Seung and Yoon 1995a). Overall, the circulation in the East Sea may be
divided largely into two regimes, the upper-layer circulation carrying the TWW
and the underlying deep-layer circulation. It is noted, however, that the cou-
pling between them, though weak, should be further quantified in future studies.
Section 4.5 discusses some fundamental dynamical issues relating to upper- and
deep-layer circulations in the East Sea, based on recent studies.

Early studies on dynamical processes in the East Sea employed numerical mod-
els with idealized and simple topography and coastline configurations. Although
the simple models did not simulate realistic circulations and other phenomena in
the East Sea, they have contributed to our understanding of the East Sea’s circula-
tion dynamics. With increasing computational resources since the 1990s, realis-
tic configurations with real topography, time-varying meteorological forcing, and
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improved open boundary conditions have appeared in modeling studies of the East
Sea circulation. They have simulated realistic surface and sub-surface circulations,
thereby expanding our understanding of the East Sea. Furthermore, sensitivity
experiments of various numerical configurations have expanded our understand-
ing of the relationship between small-scale phenomena and large-scale circula-
tion in the East Sea. Numerical modeling has also advanced into an operational
ocean forecast system. As ocean observational data have increased with advanc-
ing observing technology such as Argo floats, satellite remote sensing, and so on,
ocean data assimilation techniques have been applied to numerical models in the
East Sea. Section 4.6 describes numerical circulation models and data assimilated
models which help us to understand observed circulation features of the East Sea.

4.2 Near-Surface Circulation

4.2.1 Mean Surface Current

Based on historical hydrographic data and current data from shipboard ADCPs,
earlier studies (e.g. Katoh et al. 1996; Cho and Kim 2000) have suggested that
the Tsushima Warm Current (TWC) entering into the East Sea splits into three
currents: (1) The East Korea Warm Current (EKWC) flows along the eastern
coast of Korea and enters the UB. (2) The Nearshore Branch follows the northern
coast of Japan all the way up to the Tsugaru Strait. (3) The Offshore Branch flows
into the Yamato Basin (YB) but its path is not as well defined as the other two
branches. However, recent deployments of satellite-tracked drifters have revealed
different mean flow patterns in the East Sea after the TWC passes through the
Korea Strait (Lee and Niiler 2010a). More than 50 % of the time, drifters passing
through the western channel of the Korea Strait followed the EKWC path along
the Korean coast. The EKWC meanders after entering the UB and organizes itself
into a broad East Sea Current after merging with the flow from the eastern channel
of the Korea Strait (Eastern Branch) (Fig. 4.1; Lee and Niiler 2005). The EKWC
behaves like Arruda et al.’s (2004) simple model in which eddies are generated
by a meandering current and the mean current exits through the Tsugaru Strait.
Most of the time, the current in the eastern channel of the Korea Strait (Eastern
Branch in Fig. 4.1) flows along the coast of Japan either up to the Oki Bank or to
the Noto Peninsula and then joins the East Sea Current (Fig. 4.1). In summer only,
the Nearshore Branch of the TWC develops along the coast of Japan. The East Sea
Current (Lee and Niiler 2005) is the broad current that the EKWC and Eastern
Branch form after leaving the respective coasts of Korea and Japan. The naming
of this new current is needed to address the observed features: that the EKWC
becomes a strong mean current in the middle of the southern East Sea and that the
Eastern Branch, most of the time, enters the YB after leaving the coast of Japan.
This broad mean current system has also been reproduced well by recent high
resolution numerical models (Luneva and Clayson 2006; Clayson et al. 2008).
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Fig. 4.1 Schematics of the surface circulation of the East Sea based on satellite tracked drifters.
Dotted lines represent the current observed only in summer months (May—August)

More detailed descriptions of the southern East Sea surface circulation, including
an historical view of the branching of the TWC, are found in Sect. 4.5.2.

In the northern East Sea, no distinctive year round mean current is observed
except the Liman Current which flows southward along the Siberian coast down to
Vladivostok (Fig. 4.1). The Liman Current, first described by Uda (1934a), derives
from the freshwater flux related to ice melting in the Tatarsky Strait and from the
wind drift (Martin and Kawase 1998; Park et al. 2006). Although the North Korea
Cold Current (NKCC) appears, from numerical model simulation, throughout the
seasons with seasonal transport variation (Kim and Min 2008), it is only during
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Fig. 4.2 Square root of eddy
kinetic energy at the sea
surface from surface drifter
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summer that it has been observed from drifters. From over 325 drifters that were
mostly deployed in the southern East Sea, only a few crossed the subpolar front
between the warm-energetic southern East Sea and the cold-less-energetic north-
ern East Sea (Fig. 4.2), and thus there were not many drifter observations in the
northern East Sea from which a mean circulation can be defined.

4.2.2 Variability of the Surface Current
and the Subpolar Front

The subpolar front divides the East Sea into two regions: (1) the energetic south-
ern East Sea with large eddy kinetic energy (EKE) in which a strong mean flow
enters the basin and exits through the Tsugaru and Soya straits, and (2) the calm
northern East Sea with small EKE in which no distinctive year-round mean flow is
found (Fig. 4.2). Historically the NKCC has been regarded as a year round mean
current along the coast of North Korea (e.g. Kim and Min 2008). But large sea-
sonal changes including a reversal of the NKCC have been observed (Yang 1996;
Lee and Niiler 2005; Yoon et al. 2005). The subpolar front is observed year round
nearly along 40°N in the northeastern East Sea (Fig. 4.1), but a separate front with
characteristics similar to the subpolar front is found in the middle of the south-
ern East Sea, formed by the reduced transport of warm water through the Korea
Strait in spring (Lee and Niiler 2005). The subpolar front inferred from analyzing
Lagrangian observations of individual float tracks may differ from the subpolar
front described in Chap. 3, but it represents well the boundary between the less
energetic northern East Sea and the energetic southern East Sea, formed by warm
water inflow from the East China Sea through the Korea Strait.
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The EKWC, after leaving the coast, forms various circulation patterns in the
UB, depending on eddies and separation location from the coast (Katoh et al.
1996; Mitchell et al. 2005b). Three patterns from drifter tracks are recognized
for the flow entering the East Sea through the western channel of the Korea Strait
(Lee and Niiler 2010a): (1) Flow with large negative vorticity gains more nega-
tive vorticity from the deepening topography and so turns clockwise. It then joins
the flow from the eastern channel of the Korea Strait and flows along the coast of
Japan up to the Oki Spur (Tsushima Warm Current Pattern). (2) When the flow
has mean speed over 55 cm s~! with large positive vorticity, potential vorticity
conservation applies and the EKWC follows the isobaths first along the coast and
then along a topographic feature north of Ulleungdo (Ulleung Island) (Inertial
Boundary Current Pattern). After entering the northern UB, the flow becomes
an inertial meandering jet similar to a western boundary current. (3) The EKWC
with small negative vorticity follows the southeastern coast of Korea up to 38°N
(Ulleung Eddy Pattern) and meanders through the UB after entering it. Branching
of the flow after passing through the western channel of the Korea Strait is found
to occur only 15 % of the time; thus splitting or branching of the TWC at the
entrance of the East Sea reported in hydrographic surveys and in theoretical stud-
ies is possibly attributable to the fact that the flow in each channel of the Korea
Strait chooses a separate path.

Contrary to previous studies, the Nearshore Branch along the Japan coast and
the NKCC along the North Korea coast are observed only in summer months
(Lee and Niiler 2005). A northward NKCC along the coast up to the area west
of Vladivostok in winter months is a surprising new observation. This reversal of
the NKCC was observed from drifters (Yang 1996) and it has also shown up in a
numerical model (Yoon et al. 2005). The Liman Current is assumed to be a year
round current, but those far northern areas are too remote to aquire enough meas-
urements for studying surface circulation.

4.2.3 Coastal Upwelling

The TWW along the east coast of Korea is carried by the northward flowing
EKWC south of the subpolar front of the East Sea. The North Korea Cold Water
(NKCW), originating from the western Japan Basin (JB) and carried by the
NKCC, occupies the lower layer below the TWW with the permanent thermocline
between them. In summer (June—August), the TWW includes the Low Salinity
Tsushima Warm Water and High Salinity Tsushima Warm Water (HSTWW) (see
Chap. 3), and the water column exhibits a three-layer structure. Due to the north-
ward flowing EKWC and southward flowing NKCC underneath the EKWC (Byun
and Seung 1984; Chang et al. 2002), isopycnals (isotherms) slope upward towards
the coast. Subsurface isotherms further shoal and outcrop at the sea surface in
summer when southerly winds prevail, and the surfacing of subsurface isotherms
can occur in a few days (Byun 1989). Hence, coastal upwelling in the east coast
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Fig. 4.3 Satellite images of a sea surface temperature from NOAA on 20 July 2013 and
b chlorophyll @ on 21 July 2013. Surface cold waters along the east coast of Korea including
the Gampo-Ulgi area due to coastal upwelling can be seen. Coastal high chlorophyll water off
Gampo-Ulgi area can also be seen together with offshore advection of cold and high-chlorophyll
coastal water due to the East Korea Warm Current

of Korea occurs due to the combined effects of the background current (EKWC)
and upwelling-favorable southerly winds (An 1974; Seung 1974; Lee 1983; Byun
and Seung 1984; Lee and Na 1985). The source of cold waters upwelled to the sea
surface can be either the HSTWW or the NKCW depending on the intensity of the
upwelling (Kim and Kim 1983; Lee and Na 1985; Byun 1989; Lee et al. 1998).
The summertime southerly wind has been shown to be correlated with SST
(Lee 1983; Lee et al. 2003b). Surface cold waters, however, have been fre-
quently observed in a localized region, the Gampo-Ulgi area (GU area) (Fig. 4.3),
although the southerly wind prevails along the entire east coast of Korea in sum-
mer. In the GU area, 80 % of southerly wind events caused the SST to drop more
than 1.0 °C (Lee et al. 1998), and the SST decrease resulting from an upwelling-
favorable wind occurs in 3—18 h (Lee et al. 2003b). Other factors responsible for
localized upwelling in the GU area include steeply sloping isopycnals towards the
coast due to an approach of the EKWC, local diverging topography, separation of
the EKWC near Gampo, and the degree of stratification (Byun and Seung 1984;
Lee and Na 1985; Lee et al. 1998, 2003b). Mean SST drops in the GU area during
summer upwelling events are about 3.0-4.0 °C (Lee 1983; Lee et al. 1998) with
a maximum SST drop of 12.2 °C in 1978 (Lee 1983) and an even bigger drop
of 14.0 °C in 1997 at Gampo (Lee et al. 2003b). When strong winds (3-6 m s~ ')
persisted for at least 3 days, upwelling events occurred, and the events persisted
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for 3-33 days (Lee 1983). Byun (1989) applied a 3-layer model of upwelling
(Csanady 1982) and showed that wind impulse, the time-integrated wind stress,
during upwelling events in 1982 and 1983 ranged from 10 to 40 m? s~!, which
corresponds to a wind blowing for 5-20 days with speed of 4 m s~ !.

In eastern boundary upwelling regions, significant correlations are often
found between an upwelling-favorable wind and other variables than SST, such
as coastal sea level and alongshore current (e.g. Smith 1974). On the other hand,
coastal sea level is poorly correlated with wind in the GU area (Lee et al. 2003b)
indicating other factors affecting the subtidal sea level variability (e.g. Lyu et al.
2002; Cho et al. 2014). Subtidal current fluctuations representing EKWC varia-
tion were also shown to be only marginally correlated with local wind (Lee et al.
2003b). Coastal upwelling in the GU area also occurred in spring (Byun and
Seung 1984; Hyun et al. 2009).

The GU upwelling area often forms a semi-circle of cold water, with a radius
of about 10-20 km from the coast to the upwelling front (Byun 1989). Satellite-
derived SST images also showed that upwelled cold water in the GU area pro-
trudes to the northeast (Byun 1989; Lee et al. 1998).

Seung (1984), using a simple 2-layer numerical model, suggested several pos-
sible upwelling centers, other than the GU area, along the east coast of Korea,
due to coastal geometry. The satellite image in Fig. 4.3 clearly shows that coastal
cold waters due to upwelling are also found in other coastal areas, which has been
poorly documented. A report was given of an observation of the appearance of
unusually cold surface water in the mid-east coast of Korea, north of the GU area,
caused by the most intense southerly winds for the past 10 years resulting from a
large-scale atmospheric condition (Park and Kim 2010).

Coastal upwelling at the east coast of Korea has important local and basin-
scale consequences in terms of biogeochemical aspects (see Chap. 10). Locally,
the GU upwelling area in summer is characterized by high primary production
(Han et al. 1998), high chlorophyll fluorescene (Lee and Kim 2003), high zoo-
plankton abundance (Lee et al. 2004), relatively low detritus percentage, high
values of vertically integrated planktonic carbon, high percentage of particulate
organic carbon and nitrogen in total suspended matter, and low ratio of particu-
late organic carbon to chlorophyll a (Yang et al. 1998) compared to those in off-
shore regions and in other seasons. The upwelled water in the area also has high
dissolved oxygen content, low pH, and high alkalinity (Lee and Kim 2003). The
oxygen rich upwelled water observed in 2001 suggests its origin from the NKCW
rather than either the Japan Sea Proper Water or the TWW, at least in 2001 (Lee
and Kim 2003).

Coastal waters with high productivity due to coastal upwelling are drawn off-
shore by large-scale circulation set by the EKWC and/or the mesosale circulation
of the Ulleung Warm Eddy (UWE), resulting in enhanced biological productivity
in the UB (Onitsuka et al. 2007; Hyun et al. 2009; Yoo and Park 2009) (Fig. 4.3).
Without the coastal upwelling, the nutrient-depleted EKWC acted to decrease
chlorophyll concentration in the middle of the UB (Son et al. 2014). Hence, the
coastal upwelling together with surface circulation would be an important factor in
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making the UB the most productive basin among the three basins of the East Sea
(Yamada et al. 2005; Kwak et al. 2013).

Consecutive hydrographic data support the highly-variable nature of the coastal
upwelling (Byun 1989; Lee and Kim 2003). On the other hand, time series data
to reveal the multiple scale variability is scarce, partly due to heavy fishing activi-
ties in the coastal areas. More observational efforts are required to delineate the
spatial and temporal structure of the upwelling and to unravel the physics behind
the coastal upwelling. Also biogeochemical and ecosystem responses to coastal
upwelling have not yet been fully addressed, although many studies have pointed
out the importance of the coastal upwelling in maintaining high primary produc-
tivity in the UB. Even a qualitative description of coastal upwelling in coastal
regions along the east coast of Korea other than the GU area is lacking.

4.3 Mesoscale Eddies
4.3.1 Characteristics of Eddies

The East Sea is one of the most eddy-rich regions of the world ocean (Ichiye and
Takano 1988). In particular, many warm and cold eddies are found near the UB
(Lie et al. 1995; Lee and Niiler 2005), and eddies in this region can be classified
into three groups (Lee and Niiler 2010b): (1) coastal eddies along the Korean
coast, (2) frontal eddies along meanders of the inertial boundary current, (3) UWE
and Dok Cold Eddy (DCE). The UWE and DCE are clustered mostly in the neg-
ative and positive relative vorticity areas, respectively (Fig. 4.4). The UWE has
the largest size (126 x 194 km) and longest mean life (171 days). Although the
mean propagation direction of the UWE is southeastward, it sometimes moves
northward along the Korean coast due to an oscillating EKWC (or subpolar front)
meander and leaves the UB to enter the northern East Sea (Shin et al. 2005). The
UWE originates from the EKWC and forms from a southward flow related to
anticyclonic circulation around Ulleungdo (Tanioka 1968; Mitchell et al. 2005b).
Arruda et al. (2004) argued that the UWE may not be related to instabilities but
instead may be due to the effects of the meridional gradient of planetary vorticity
(B) and nonlinearities. Temporal evolution of the UWE is presented in Sect. 4.3.2.
When the EKWC is weak and linear, there is no eddy formation, in agreement
with this observation.

The DCE is located south of Dokdo throughout much of the year (Fig. 4.5).
The DCE is generated through an instability process, followed by a retreat of the
subpolar front, when a large-amplitude meander pinches off between Ulleungdo
and Dokdo (Mitchell et al. 2005a). The DCE is typically about 60 km in diameter
and its center was observed between 130.5°E and 132°E from June 1999 to July
2001. After formation from the subpolar front, the DCE stays southwest of Dokdo
for 1-6 months before propagating westward toward Korea where it merges with
the EKWC, or is engulfed in a southward meander of the subpolar front. When the
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Fig. 4.4 Distribution and propagation of eddies plotted on a colored background of mean rela-
tive vorticity (see color bar). Four meridional bands of mean relative vorticity and three groups of
eddies are demarcated by dotted lines and green lines, respectively (from Lee and Niiler 2010b)

Fig. 4.5 Average dynamic height over a 2-yr deployment in the Ulleung Basin. The mean posi-
tions of the EKWC, Ulleung (Warm) Eddy, Subpolar Front, and the Dok Cold Eddy are labeled.
The white diamonds, from left to right, are Ulleungdo (Ulleung Island), Dokdo (Dok Island), and
a seamount that reaches within 500 m of the surface (from Mitchell et al. 2005a)
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DCE approaches the Korean coast, the EKWC diverts eastward around it, suggest-
ing that DCEs play an important role in the path of the EKWC.

Two to four warm eddies always exist in the YB (Isoda 1994; Morimoto et al.
2000) (Fig. 4.6). Warm eddies are generated in spring around the Oki Islands
due to the flow over the bottom topography around the Oki Bank. After separat-
ing from the Oki Bank, the warm eddies move eastward along the Japanese coast
or offshore from the Japanese coast. While they are moving, the warm eddies
sometimes coalesce with neighboring warm eddies or split into multiple eddies.
The warm eddies move continuously eastward from the Noto Peninsula in win-
ter-spring with mean speeds of 0.5-2 cm s~!, reaching the northwestern coast
of Japan in the following winter. In there they typically split into two or three
small eddies, and decay within a few months.

The presence of mesoscale eddies and their migration in the upper layer results
not only in strong upper layer currents with associated low-frequency variabil-
ity at a fixed location (Kim et al. 2009a) but also deep current fluctuations below
1000 m (Takematsu et al. 1999b) and excitation of topographic Rossby waves
(Kim et al. 2013). Anticyclonic mesoscale eddies, like the UWE in the East Sea,
also interact with near-inertial waves funneling near-inertial motions to the deep
layer below the eddies (Park and Watts 2005) and reflecting near-inertial waves
within the thermostad of the eddy (Byun et al. 2010) (see Chap. 5.4).
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4.3.2 Evolution of the Ulleung Warm Eddy

The horizontal distribution of temperature and salinity at a depth of 200 m is well
suited for identifying warm eddies in the southwestern East Sea (Shin et al. 2005).
In April 1993 the UWE (WE92) had a size of approximately 150 km east-west and
170 km north-south at 200-m depth (Fig. 4.7). The surface homogeneous layer of
10 °C (Ten Degrees Water, see Sect. 3.3.1) and 34.2 psu inside the UWE was pro-
duced by vertical convection from sea-surface cooling in winter, and deepened to a
maximum of about 250 m in early spring. The homogeneous water displays posi-
tive oxygen and negative salinity anomalies relative to the surrounding thermo-
cline water, indicative of formation from winter mixed layer water (Gordon et al.
2002). The deep homogeneous layer is a characteristic of a warm eddy that win-
ters in the East Sea (Shin et al. 1995) and in the Kuroshio Extension (Tomosada
1986; Yasuda et al. 1992). From April to September, WE92 shrunk about 20 km in
the east-west and about 80 km in the north-south directions (Fig. 4.7). The thick-
ness of the homogeneous layer was also reduced to depths between 70 and 150 m.
When the EKWC and the warm eddy converged around Ulleungdo, the EKWC
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September 1993 (Redrawn from Shin et al. 2005)
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supplied water of high temperature and salinity to the UWE; the EKWC flowed
around the edge of the UWE in spring (Fig. 4.7) and gradually expanded into the
inner portion during summer and fall.

Eddies are important to biological productivity, because of their association
with upwelling of subsurface water. One of the mechanisms responsible for nutri-
ent input into the euphotic zone is uplifting of the nutricline by cyclonic eddies,
known as “eddy pumping,” which results in enhanced primary production inside a
cyclonic eddy (Falkowski et al. 1991). High primary productivity in the East Sea
during late spring and early fall appears to be sustained by the interaction between
eddies and wind, as well as other factors such as coastal upwelling and terrestrial
nutrient input during the rainy season (e.g. Hyun et al. 2009).

4.4 Thermohaline Circulation

4.4.1 Rates of Water Mass Formation

The strength of the ocean’s THC is often represented by a zonally integrated
meridional streamfunction (MOC, meridional overturning circulation). The MOC
can be calculated from full-depth hydrographic observations along latitude lines
(Talley et al. 2003), numerical model results (Balmaseda et al. 2007), and direct
observations (McCarthy et al. 2012). In the East Sea, it is difficult to calculate the
MOC using hydrographic data, because the properties of thick deep water masses
are almost homogeneous with little spatial density contrast. According to the
meridional streamfunction based on numerical model results driven by climato-
logical forcing, there exists a closed streamfunction similar to the Atlantic MOC
although the East Sea’s inflow-outflow system complicates the upper streamfunc-
tion field (Yoshikawa et al. 1999). Model-derived maximum East Sea MOC trans-
port is about 0.6 Sv (1 Sv = 10° m? s~ 1), and below 1500 m the maximum value
is about 0.15 Sv.

The water mass formation rate may set the strength of the THC (Kuhlbrodt
et al. 2007). The formation rate of the Upper Portion of the Japan Sea Proper
Water (UPJSPW) lying in the 400-1000 m depth range was estimated to be 0.48
and 0.38 Sv, respectively, based on hydrographic data (Senjyu and Sudo 1996)
and numerical model results forced by climatological forcing (Kawamura et al.
2007). Box models constrained by observed chemical tracers yielded two dif-
ferent total formation rates of subsurface water masses below 600 m prior to the
1960s: 0.65 Sv (Postlethwaite et al. 2005) and 1.41 Sv (Jenkins 2008). After the
1960s, both estimates decreased to 0.27 Sv, which is about a 60-80 % reduction
of the formation rate for those water masses; this was ascribed to the slow-down
of the East Sea THC (Gamo 1999). A study using a moving boundary box model
(MBBM) also suggests a decline in Bottom Water formation in 2000 compared
with that in 1960 (Kang et al. 2003). However, the total formation rate of East
Sea Central, Deep, and Bottom Waters in 2000, 0.49 Sv, remained the same as
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that in 1960 in the MBBM, suggesting a change from bottom water formation to
upper water formation without any significant reduction of the total formation rate
of sub-surface water masses.

4.4.2 Deep Currents and Circulation

One distinctive characteristic of the East Sea is the prevalence of spatially homo-
geneous deep waters below the pycnocline. Density-based dynamic calculation is
thus impractical and would give misleading values for the deep currents. Studies
of subsurface circulation of the East Sea have benefited from tracer distributions,
numerical modeling, moored current measurements since the late 1980s, and
deployments of floats since 1995. Compilations of data from the floats and moored
current measurements allow construction of mean circulation maps for the entire
East Sea (Senjyu et al. 2005; Choi and Yoon 2010; Park and Kim 2013). Two-
year long continuous moored current and bottom pressure measurements between
1999 and 2001 revealed details of the UB deep circulation (Teague et al. 2005).
Schematic circulation maps suggested by previous studies are shown in Fig. 4.8.

The subsurface currents below the pycnocline are characterized by weak verti-
cal shear and barotropic fluctuations (Takematsu et al. 1999a; Senjyu et al. 2005;
Chang et al. 2009). A limited number of full-depth current measurements from
about 40 m to near the seabed shows that while low-passed subsurface current
fluctuations below the pycnocline are coherent, the fluctuations of upper currents
above 200 m are poorly correlated with those below the pycnocline (Kim et al.
2009a, 2013).

4.4.2.1 Mean Currents

Figure 4.9 shows bin-averaged mean currents at 800 m, together with EKE, with
bin size of 0.5° in both longitude and latitude based on a compilation of float data
from 1999 to 2010 (Park and Kim 2013). Also Fig. 4.10 shows mean currents at
82 locations measured at the deepest depth level of each mooring (below 1000 m
except at 4 locations: U1, U6, Y16, Y17) by current meter moorings between 1986
and 2007. The mooring periods mostly exceed 6 months except at 7 locations (U1,
U6, Ul4, from YB15 to YB18). The deep current map shown in Fig. 4.10 has been
updated from previous studies (Chang et al. 2002; Senjyu et al. 2005; Teague et al.
2005) by adding more data available from various sources (MSA Reports 1995—
2007; Jang 2011; Baek et al. 2014; Lee and Chang 2014). The eddy/mean kinetic
energy ratio is superimposed on the mean current vectors at 800 m in Fig. 4.9b,
and denoted by colored circles at mooring locations in the UB in Fig. 4.10b.

The mean features of the deep circulation are a basin-scale cyclonic circulation
in each of the three deep basins (Fig. 4.8a), with strong currents along the basins’
peripheries and weaker flows in the basins’ interiors (Figs. 4.9a, 4.10). Strong
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Fig. 4.8 Schematic deep circulation maps of a abyssal layer based on moored current meas-
urements (from Senjyu et al. 2005), b 800 m layer based on trajectories of floats. Red and vio-
let lines are drawn based on the float data, and dotted lines indicate the inferred continuation of
subsurface currents (from Park et al. 2010), and ¢ two-year average dynamic pressure field at
1000 dbar with corresponding geostrophic current vectors determined by bottom pressure and
current measurements (from Teague et al. 2005)

cyclonic recirculation cells are found in the eastern JB and in the western YB (Choi
and Yoon 2010; Park and Kim 2013). The deep circulation of the UB is complex
with alternating cyclonic and anticyclonic sub-basin-scale cells (Fig. 4.8c) (Teague
et al. 2005; Choi and Yoon 2010). Localized anticyclonic circulation at 800 m
is found over the Korea Plateau (Park et al. 2004), seamounts over the Yamato
Rise (Choi and Yoon 2010), and a seamount between Oki Bank and Yamato Rise
(Choi and Yoon 2010) (Fig. 4.8b). Also observed is the flow at 800 m through a
gap between the Oki Bank and the Yamato Rise, with mean volume transport of
1.83 Sv below 200 m according to numerical model results (violet solid arrows in
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Fig. 4.10 a Mean abyssal currents based on long-term moored current measurements conducted
in the Japan and Yamato basins between 1986 and 2007. b Expanded view of mean abyssal cur-
rents in the Ulleung Basin denoted by a box in (a). Ratio between eddy kinetic energy (EKE) and
mean kinetic energy (MKE) in log scale is also shown as colored dots in (b). GP, UB, UE, UIG,
UP denote Gangwon Plateau, Ulleung Basin, Ulleung Escarpment, Ulleung Interplain Gap, and
Ulleung Plateau, respectively. For the detailed explanation of topographic features, see Sects. 1.1
and Chap. 16

Fig. 4.8b) (Park et al. 2010). It is argued that this throughflow in the gap is partly
fed by the anticyclonic circulation over the Korea Plateau and an outflow from the
UB (Park et al. 2010).

Space-time vector-averaged current in the entire East Sea based on float data
at 800 m is about 2.5 ¢cm s~!, but mean current speeds in the strong recircula-
tion cells reach 4-6 cm s~! in the eastern JB and 7-8 cm s~! in the western YB
(Choi and Yoon 2010). The magnitude of deep currents at 800 m shows interbasin
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differences, strongest in the JB and weakest in the UB (Choi and Yoon 2010; Park
and Kim 2013) with maximum volume transports below 800 m (assuming no
velocity shear below 800 m) in the JB, YB, and UB of about 10, 2.0, and 0.4 Sv,
respectively (Choi and Yoon 2010).

Mean current speeds at deeper depths from mooring data range from 0.1 to
8.2 cm s~! (Fig. 4.10), and strong currents with speeds higher than 4.0 cm s~!
were observed on the northwestern slope region of the YB (from Y26 to Y29)
and the western slope region of the UB (U7, U8) which constitute the western
boundary currents of the cyclonic circulation. The strong current on the eastern
boundary of the JB (J18) is part of a deep cyclonic recirculation cell, and strong
currents following the southeastern slope of the Ulleung Interplain Gap (UIG)
(U23, U26) are due to the Dokdo Abyssal Current (DAC) (Chang et al. 2009).
The Korea Plateau splits into the Ulleung Plateau to the east and the Gangwon
Plateau to the west with the deep (>2000 m) and narrow (~10 km) Usan
Escarpment in between (see Fig. 1.2 for topographic features in the UB). Moored
current measurements at this passage (K2) show a relatively strong mean north-
ward flow of about 4.5 cm s~! (Baek et al. 2014), indicating that part of the deep
water entering the UIG from the western JB bifurcates into two branches, one
branch flowing back to the JB through the Usan Escarpment and the other branch
entering the UB. A weak southward abyssal flow observed at K1, north of moor-
ing K2, is thought to be due to the cyclonic penetration of abyssal waters near the
northern side of the Usan Escarpment, according to Hogan and Hurlburt (2000).
Over the Gangwon Plateau, northward abyssal currents are observed which cor-
respond to the western rim of the anticyclonic deep circulation over the entire
Korea Plateau (Park et al. 2004; Teague et al. 2005). At Ul and U2, a short dis-
tance to the west from the northward currents over the Gangwon Plateau, abyssal
currents in a depth range of 800-1200 m show an opposite direction, south or
southeastward. The southward deep currents at Ul and U2 are thought to origi-
nate from the area farther north, merging with the deep cyclonic circulation in the
UB to form the strong western boundary current observed at U7 and US. A mean
southward current is also observed at around 450 m at U6 (Jang 2011).

Analysis of float data indicates that the deep currents generally follow poten-
tial vorticity contours (f/H contours, where f is the local Coriolis parameter and
H is the depth.) in the JB (Choi and Yoon 2010). On the other hand, the topogra-
phy-following characteristics of deep currents are less clear in the UB (Choi and
Yoon 2010) and floats at 800 m tend to move toward shallower depths (Park and
Kim 2013).

Evidence of cyclonic penetration of deep waters from the JB into the UB
through the UIG was provided by both float data and moored current measure-
ments (Park et al. 2004; Teague et al. 2005; Choi and Yoon 2010). Deployment
of an array of five mooring across the UIG revealed that the abyssal flow through
the UIG shows a two-way circulation, weak, broad southwestward flows in the
western UIG and strong, narrow northward flows of the DAC in the eastern UIG
(Chang et al. 2009). The mean speed of the DAC at 2000 m is about 7.9 cm s~!
with a maximum recorded current speed of about 33.9 cm s~!. Kim et al. (2013)
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showed that the DAC extends from the bottom up to 300 m depth, while the upper
currents, above 200 m, flow to the south or southwest opposite to the DAC. While
the inflow transport towards the UB through the UIG below 1800 m is about
0.15 Sv, the net volume transport is negligibly small with high temporal variability
(Chang et al. 2009). It suggests an insignificant upwelling of deep water across
the 1800 m depth level. On the other hand, other transport estimates from 250 m
to the bottom or from 800 m to the bottom, based on numerical model results and
float data, yielded a net inflow transport of about 0.3-0.4 Sv (Teague et al. 2005;
Choi and Yoon 2010). The inflow transports below 250 m based on the models are
estimated to be 0.68 Sv (Teague et al. 2005) and 1.0 Sv (Park et al. 2010). The for-
mation rate of the East Sea Deep Water below 1500 m determined by box models
constrained by chemical tracers (Postlethwaite et al. 2005; Jenkins 2008) is about
4-5 times smaller than the directly observed transport below 1800 m in the UIG,
suggesting a different generation mechanism of deep currents besides that of deep
water-formation (see Sect. 4.5.4) and implying that the water mass formation rate
may not represent the strength of the East Sea THC.

4.4.2.2 Temporal Variability

While the mean speeds of deep currents range 0-8 cm s~!, temporal varia-
tion of these currents is large and instantaneous current speeds reach as high as
30-50 cm s~ ! below 2000 m (Takematsu et al. 1999a; Chang et al. 2009). EKE
provides insights into the variability of currents, although it is often difficult to
identify the source of variability. EKE from full-depth moored current meas-
urements in the UB from about 40 m depth down to 1500 m or deeper ranges
from 1.5 to 440 cm? s2, and it sharply decreases at around 300 m depth near
the permanent pycnocline (Kim et al. 2009a, 2013; Jang 2011). EKEs of deep
currents below the pycnocline computed from mooring data at discrete loca-
tions range from 0.8 to 19.7 cm? s~2 with the ratio between EKE and mean
kinetic energy (MKE) ranging from 0.5 to 497 in the UB (Chang et al. 2002,
2009; Teague et al. 2005; Kim et al. 2013). EKE of deep currents in the JB
shows a similar range (Takematsu et al. 1999a). In the UB, low EKE/MKE ratios
occur in regions of strong mean currents such as the DAC (U25, U23), on the
western continental slope (from U7 to U9), over the Korea Plateau where the
strong anticyclonic circulation exists (U3), and in the Ulleung Escarpment (K2)
(Fig. 4.10b).

While the surface EKE based on surface drifters is low in the JB, except in a
narrow band along the Primorye coast, EKE computed from the float data within
0.5° bins at 800 m exhibits the highest EKE (~15 cm? s72) in the western JB (Fig.
4.9a) where a strong dipole structure of wind-stress curl in winter is located (Park
and Kim 2013). Apart from the western JB, EKEs are generally high (~5 cm? s~2)
in the interior of the UB and YB, and the eastern JB where mean currents are
weak. The EKE/MKE ratio from the float data shows a high ratio in the UB and
along the boundary of the dipole wind-stress curl in winter (Fig. 4.9b).
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Moored current measurements in the East Sea show a distinct seasonal vari-
ation of deep currents in the JB (Takematsu et al. 1999a) with maximum veloci-
ties (~4.4 cm s~ 1) in March and April and a minimum in November (~2.3 cm s~!)
(Choi and Yoon 2010). The estimation of monthly mean velocities at 800 m using
the float data from the JB also shows a clear seasonal signal with a maximum
(~3.5 cm s~1) in March and a minimum in November (~2.3 cm s~!) (Choi and
Yoon 2010). On the other hand, mooring data indicate that the seasonal variability
of deep currents is not obvious in the UB and YB, showing double current speed
maxima, one in January and the other in July/August (Chang et al. 2002; Choi and
Yoon 2010). The monthly mean velocities from float data at 800 m in the UB and
YB also show reduced annual amplitude with poorly defined seasonal variation in
the UB and YB (Choi and Yoon 2010).

The integral time scale of the measured deep currents ranges from 3 to 30 days,
indicating the dominant time scales of deep current fluctuations. Intraseasonal var-
iability of deep currents has been documented in the UB (Chang et al. 2002, 2009;
Kim et al. 2013) with a period range of 10-60 days, and also in the YB with a
shorter timescale of 2-10 days (Senjyu et al. 2005). Kim et al. (2013) showed that
the variability of the DAC in the eastern UIG on timescales of 10-20 days is con-
sistent with the propagation of topographic Rossby waves associated with warm
events in the upper layer resulting from eddying processes and/or meandering of
the TWC.

4.5 Dynamical Aspects

4.5.1 How Is the Tsushima Warm Current Driven?

The question of how the TWC is driven has long been an interesting theoretical
problem. There are some studies showing that volume transport of the TWC is
related to sea level difference between the interior and exterior of the East Sea
(Toba et al. 1982; Ohshima 1994; Tsujino et al. 2008). On larger spatial and
temporal scales, the TWC can be thought of as linked essentially to the wind-
driven ocean circulation in the North Pacific, outside the East Sea. This idea was
first explored by Minato and Kimura (1980). They considered a barotropic, lin-
ear dissipative, wind-driven ocean connected on the west to a shallow marginal
sea through narrow inflow and outflow channels, and successfully showed that
the transport through the marginal sea is driven by the large-scale wind field.
However, the resulting volume transport was greatly overestimated because of
many simplifications. The most serious of these may have been the neglect of
the large barrier effect arising in the shallow inflow and outflow channels. In a
similar way, Nof (1993) considered the same problem as one of geostrophic
adjustment of buoyant Kuroshio water injected through a narrow gap into the
marginal sea filled with deep, motionless denser water. Later, he also considered
various other models applicable to the TWC (Nof 2000): a one-and-a half layer
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numerical model (Bleck and Smith 1990), Godfrey’s island rule (Godfrey 1989),
and Nof’s (1993) B-controlled formula. All these models, except for the island
rule, are non-linear and neglect the barrier effect. They all give a transport of
about 10 Sv, much larger than the measured value of about 2.5 Sv (Teague et al.
2002; Takikawa et al. 2005; Fukudome et al. 2010). These studies indicate that
non-linear effects are not important in controlling the volume transport through
the marginal sea. Instead, the overestimation of volume transport may be induced
by the neglect of the barrier effect arising in shallow channels, as it is in the study
of Minato and Kimura (1980). Indeed, Seung (2003) has obtained a transport of
about 2.5 Sv by applying the island rule, taking a bottom friction into account
with a reasonable bottom friction coefficient. Hence, he parameterizes the barrier
effect simply as bottom friction. According to Yang et al. (2013), the barrier effect
includes the form drag associated with bottom pressure torque, generation of
cross-isobathic flow by horizontal friction, and northward shifting of the forcing
region affecting the through flow. All these facts indicate that the TWC is essen-
tially driven by the oceanic wind field, and its volume transport is largely con-
trolled by the barrier effect arising in the inflow and outflow channels. In fact, it
can be understood that the downstream sea level drops occurring in the inflow and
outflow channels are consequences of the barrier effect. Zheng et al. (2010), how-
ever, suggest a different view that the TWC becomes stronger and flows closer
to the Japanese coast as the Kuroshio becomes stronger, based on a numerical
experiment.

The volume transport of the TWC undergoes a seasonal variation with maxi-
mum in summer-fall and minimum in winter (Teague et al. 2002; Takikawa et al.
2005; Fukudome et al. 2010). An interesting feature about it is that the seasonal
variation of outflow volume transport appears to be larger in the Soya Strait than
in the Tsugaru Strait (Nishida et al. 2003; Fukamachi et al. 2008). This problem is
addressed by Seung et al. (2012) with a simple linear barotropic model. As in the
steady problem, they use the island rule with bottom friction taken into account.
In the steady problem, only one outflow channel with only one island is consid-
ered. The island rule with multiple islands and multiple frictional channels gives
somewhat different results from the case with a single island and two channels.
They show that the volume transport through a channel is determined not only by
the circulation around the adjacent two islands created by the oceanic wind field
off those islands, which is the case if there is no bottom friction, but also by those
around the neighboring islands further away. Note that the latter does not occur
if only one island (two channels) is considered, even in the presence of bottom
friction. Hence, the volume transport through each channel (strait) of the East
Sea is determined by a linear combination of two components of circulation: one
is the circulation around Honshu/Kyushu created by the oceanic wind field east
of Honshu/Kyushu, and the other is the circulation around Hokkaido created by
the oceanic wind field east of Hokkaido. For example, the transport through the
Tsugaru Strait (Q23) is the sum of two components Q23,12 and Q23,34 associated,
respectively, with the wind fields off Honshu/Kyushu and Hokkaido (Fig. 4.11).
In the same manner, the transport through the Soya Strait (Qg5) is the sum of the
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Fig. 4.11 Formation of volume transports through the Tsugaru and Soya Straits (thick horizontal
arrows) in summer and winter by the circulations (arrowed circles) induced by wind fields off
Honshu/Kyushu (Q23,12 for Tsugaru Strait and Qus,12 for Soya Strait) and Hokkaido (Q23,34 for
Tsugaru Strait and Qus,34 for Soya Strait). The arrowed circles Q3,12 and Qus,12 are thicker in
summer than in winter because they are larger in summer than in winter (from Seung et al. 2012)

two components Qss,12 and Qas,34 (Fig. 4.11). According to the model, the differ-
ent behavior in seasonal variation of volume transports between the Tsugaru and
Soya Straits is due essentially to the fact that the wind-stress curl off Hokkaido
changes its sign from negative in summer to positive in winter, the latter fact being
associated with the large seasonal fluctuation of zero-stress-curl latitude east of

Hokkaido.
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4.5.2 How Are the Branches of the Tsushima Warm
Current Formed?

As described in Sect. 4.1, the TWC has traditionally been believed to split into
three branches after entering the East Sea: the Nearshore Branch, the Offshore
Branch, and the EKWC. In a series of numerical experiments, Yoon (1982a, b)
has found that the EKWC is formed by western intensification and the Nearshore
Branch is constrained by shallow bottom depth to flow along the Japanese coast.
Later, Kawabe (1982) has shown that the Offshore Branch is induced by the coast-
ally-trapped waves associated with the seasonal variation of TWC volume trans-
port. It is already noted in Sect. 4.1 that the Nearshore and Offshore Branches are
not usually identifiable separately and instead there seems to be only one broad
current especially notable in summer, referred to as the Eastern Branch (Fig. 4.1).
The hypothesis that the EKWC is a western boundary current is problematic in
explaining formation of the Eastern Branch and seasonal variability of the EKWC
which is strongest in summer and weakest in winter (cf. Lee and Niiler 2010a).
Suppose that the EKWC is a western boundary current; then, seasonal variability
of the EKWC requires that Rossby waves cross the East Sea basin very quickly, in
a time shorter than a few months, which is not possible. Also, the Eastern Branch
cannot exist if any pressure disturbance on the eastern boundary propagates west-
ward by Rossby waves and hence disappears. The hypothesis of topographic trap-
ping is possible, but it will be limited to a very narrow Japanese coastal region
where the isobaths are discontinuous at some locations. The questions that follow
are about how the EKWC and the Eastern Branch are formed and how their sea-
sonal variabilities arise.

Recently, Spall (2002) has proposed an idea that the Eastern Branch is induced
by the buoyancy difference between TWW and the other water in the East Sea,
although he does not consider the seasonal variability. The buoyancy of the TWW
is carried along the Japanese coast relatively quickly by Kelvin waves. It is trapped
along the coast by the effect of local thermal damping, and would otherwise be
propagated westward by Rossby waves. Hence the Eastern Branch can be present
in both deep offshore and shallow coastal areas. This idea may be extended fur-
ther in explaining the seasonal variations of the EKWC and the Eastern Branch if
we take the local buoyancy forcing into consideration as an additional factor, as
shown by Seung and Kim (2011). In the latter model, the East Sea basin is sub-
ject to seasonally-varying local buoyancy forcing, with larger buoyancy in summer
than in winter, while the western and eastern boundaries are respectively affected
by less buoyant water originating from the north and more buoyant water origi-
nating from the south. Hence, this model indicates that the seasonal variation of
the EKWC and the Eastern Branch is induced by both local and remote buoyancy
forcing.

It can be argued that the EKWC is driven by the inertia of the TWC incident
upon the East Sea basin with seasonally-varying strength. In order to demonstrate
this possibility, Seung (2005a) has considered an incident inertial jet initially in
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contact with the bottom and injecting into a deep basin by crossing a depth dis-
continuity. The grounded portion changes its flow direction being trapped over the
shallow bottom while the ungrounded portion continues to flow by virtue of the
inertial effect, hence resulting in the branching. Arruda et al. (2004) also share the
same view in explaining the formation of the UWE. Eddies are usually expected
to migrate due to the B-effect and to be advected by mean currents. Hence, the
quasi-stationary characteristics of the UWE had long been an enigma. According
to Arruda et al. (2004), the UWE owes its presence to the force balance in the
area surrounding it. The stationary UWE exerts a southward force, referred to as
B-induced force, because of latitudinal difference of the Coriolis force arising from
the flow within the UWE. This p-induced force is balanced by the northward iner-
tial force exerted by the TWC injecting into the East Sea basin. Hence this study
presumes that the EKWC results from the inertia of the injecting TWC.

There are some other studies suggesting that the branching is locally triggered.
Cho and Kim (2000) have proposed an analytical model suggesting that branching
is caused by the creation of negative vorticity induced by intrusion of the Korea
Strait Bottom Cold Water (KSBCW) along the western side of the Korea Strait
in summer (see Chap. 3). Ou (2001) has shown that two current axes, one along
the coast and the other along the outcrop of the buoyant layer, are generated when
a single-axis current enters a deep basin after passing through a shallow channel
subject to bottom friction. Both observations (Teague et al. 2002) and fine-resolu-
tion numerical models (e.g. Kim 2007) show that the branching begins just south
of Tsushima Island, indicating that the branching mechanism is more or less simi-
lar to that of a jet split by an obstacle. An interesting question that follows is how
far such locally-triggered branching is maintained under the effect of Earth’s rota-
tion. In conclusion, the dynamics associated with formation of the TWC branch
currents are not yet definitely clear.

4.5.3 What Is the Role of Local Forcing?

The East Sea is strongly affected by local forcing, both of wind and buoyancy
(Hirose et al. 1996; Yoon and Kawamura 2002). Strong northwesterly winds pre-
vail in winter. At some locations, such as off Vladivostok, winds are orographi-
cally funneled becoming stronger than elsewhere (see Chap. 2). Such strong
outbreaks of cold and dry continental air cause intense surface cooling that can
lead to deep water formation (Seung and Yoon 1995a), as well as small-scale
intense wind-stress curl. In the warm-water region, the behavior of the surface cur-
rents carrying TWW depends mostly on the volume transport through the inflow
opening, whereas in the cold-water region, the current forms a closed cyclonic
circulation, as observed by Isobe and Isoda (1997), with its strength depend-
ing on the magnitude of local forcing, as numerically demonstrated by Hogan
and Hulbert (2000). Indeed, a simple linear analytical model proposed by Seung
(1992) seems to be revealing. In the presence of inflow and outflow alone, western
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intensification predominates and most of the basin looks like the warm-water
region. In the presence of local forcing alone, the basin-scale cyclonic gyre pre-
dominates and the whole basin looks like the cold-water region. This is because
the local wind stress curl is generally positive and local surface cooling induces
a vortex stretching of the upper layer. In the presence of both effects, the inflow-
outflow and the local forcing, there appears a front separating the warm-water and
cold-water regions in such a way that the two effects compete with each other. The
relative importance of one effect compared to the other determines the separation
latitude and the position of the front. In this simple model, however, the Eastern
Branch does not appear because both bottom topography and buoyancy difference
between TWW and the basin water are ignored. Additionally, it is questionable
whether the local wind forcing in the cold-water region can induce any circula-
tion intruding beneath the surface currents through the mechanism of ventilation
proposed by Luyten et al. (1983). This problem has been addressed by Seung
(1997) with the conclusion that the wind-forced circulation indeed pushes the
lateral boundary of the surface currents southward, in agreement with the results
described above, but hardly intrudes beneath the surface currents. Nevertheless,
this study does not consider bottom topography, which may be an important factor
in determining the circulation underlying the surface currents.

4.5.4 How Is the Deep Layer Circulation Driven?

As described in Sect. 4.3, the deep circulation flows cyclonically along the iso-
baths, often shows oscillatory and eddy-like features, is stronger in winter than in
summer in the JB, and occasionally becomes stronger after an event of deep water
formation. Holloway et al. (1995) have attempted to explain the formation of
deep currents in terms of the eddy-topography interaction, the so-called Neptune
effect. However, the results depend strongly on the parameterization coefficient
of the interaction. On the other hand, Hogan and Hulbert (2000) have suspected
that baroclinic instability is a candidate mechanism for deep current generation,
although it was not explicitly shown to be so in their numerical experiments. In
these explanations, the energy of deep currents is assumed to come ultimately
from disturbances generated in the upper layer, and any effect of buoyancy forc-
ing, such as deep water formation, is ignored. Recent numerical experiments (e.g.
Kim 2007) with horizontal resolution comparable to, but vertical resolution more
refined than, that of Hogan and Hulbert (2000) give nearly the same pattern of
deep currents as that observed. However, the numerically obtained deep currents
appear much weaker than those observed. It seems that numerical models are
not yet complete enough to reproduce either the process of downward momen-
tum transfer or realistic deep water formation. Based on the fact that most geos-
trophic contours are closed on themselves in the deeper part of the East Sea and
that even weak forcing can generate strong abyssal currents over the closed geo-
strophic contours (Rhines and Young 1982), Seung (2005b, 2012) has discussed
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the possible roles of wind and deep water formation in generating deep currents.
In winter, vertical stratification becomes very weak in some areas by intense sur-
face cooling. If these areas, though not large, are over the closed geostrophic
contours, the surface wind may be effective in generating deep currents (Seung
2005b). Deep water formation is equivalent to a volume source and can give rise
to a source-driven circulation in the deep layer. If this happens in an area of slop-
ing bottom, the pressure disturbances associated with the volume source propa-
gate rapidly as topographical waves along the isobaths, resulting in deep currents
(Seung 2012). However, it is known that the intensity of deep water formation
has been decreasing in recent decades (e.g. Gamo et al. 2001; Kim et al. 2004a),
implying that the resulting convection is not deep enough, while the deep currents
are still present. Yoshikawa (2012) has addressed this problem with an idealized
numerical model. He considers a three-layer ocean with sloping bottom, and sup-
poses that winter convection reaches only to the intermediate layer. In the bottom
layers, there still occurs a cyclonic circulation along the isobaths, created by the
interaction between eddies generated during the process of water mass conversion
and bottom topography. The strength of the circulation is found to depend on the
volume of water mass conversion. This study indicates that deep water formation
is the most probable candidate for the generation of deep circulation, although the
detailed mechanism of it is not yet completely clear. Recently, Park et al. (2013)
suggest that geothermal heating, being about twice that of a typical abyssal plain,
is yet another possible candidate driving force for the deep circulation.

4.6 Numerical Modeling Studies of Circulation

4.6.1 Numerical Simulations

Early versions of realistic numerical models were configured on the Arakawa
B-grid which gives better performance when the horizontal resolution is coarse.
Seung and Kim (1993) applied Cox’s (1984) model to simulate the circula-
tion in the East Sea. Its horizontal grid size was 0.2° in both latitude and longi-
tude and the number of vertical grid cells was 23, which was a high resolution
model for that time. Surface temperature and salinity were restored by observed
values from the Japan Oceanographic Data Center. The model was forced by sur-
face wind stress from Na et al. (1992) and by constant inflow and outflow. At the
open boundary, salinity and temperature were nudged by observed values from the
National Fishery Research and Development Institute of Korea. Typical features of
the circulation in the East Sea, such as the Nearshore Branch, EKWC, NKCC and
so on, were reproduced in this model.

Seung and Kim (1997) applied the Miami Isopycnic Coordinate Ocean Model
(MICOM; Bleck et al. 1992) to estimate the time scale of renewal of the upper
intermediate water in the East Sea. Though their model has low horizontal resolu-
tion of 0.5° and only 4 vertical layers, it is noteworthy in applying an isopycnic
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coordinate model for the first time with realistic meteorological forcing and open
boundary conditions. They investigated the formation of intermediate and deep
waters and could estimate that the renewal timescales for upper intermediate water
and for the whole water mass are about 10 and 81.4 years, respectively. From their
numerical study, the renewal timescale for the whole water mass is comparable to
that of Kim and Kim (1996) based on their moving box model and observations.

Kim and Seung (1999) also applied the MICOM but increased the horizon-
tal resolution to 0.2° and vertical layers to 10 to investigate the formation and
movement of East Sea Intermediate Water (ESIW). They resolved realistic sur-
face currents in the East Sea such as the TWC and the separation of the EKWC.
In particular, they reproduced the formation of ESIW by winter convection off
Vladivostok and its southward extension along the Korean coast into the UB.

With the Geophysical Fluid Dynamics Laboratory Modular Ocean Model
Version 2 (GFDL-MOM?2) z-coordinate model, Kim and Yoon (1999) set up a
relatively high resolution numerical model with horizontal resolution of 1/6°
and 19 vertical levels forced by seasonally varying inflow and outflow, monthly
mean meteorological wind stresses, Haney-type heat flux, and restored freshwa-
ter flux. They resolved well the surface and intermediate circulations in the East
Sea in terms of seasonal variation as well as the mean features of the Nearshore
Branch, EKWC, and NKCC. It is noteworthy that Kim and Seung (1999) and
Kim and Yoon (1999) could reproduce the general circulation of the East Sea
comparable to the observed one. Those models had higher resolution than the
previous numerical models, and reproduced the branching of the TWC and sup-
pressed separation of the EKWC to the south of 38°N, in agreement with obser-
vations. In particular, both models resolved intermediate waters in the East Sea
such as the NKCC and ESIW in terms of their formation and extension.

Yoon and Kawamura (2002) applied the same model as that of Kim and Yoon
(1999) except using the European Centre for Medium-range Weather Forecasts
(ECMWF) wind forcing which resolves a more realistic dipole structure for the
wind stress curl produced by the orographic effect off Vladivostok. Their model
resolved the ESIW, UJSPW, and the High Salinity Intermediate Water although
its salinity was lower and its temperature higher than the observed values. In par-
ticular, the model results suggested that UISPW is formed off Vladivostok by deep
convection in winter and is advected by the current near the base of the convection
to intrude below the ESIW layer.

A model intercomparison experiment was conducted by Lee et al. (2003a)
between RIAM Ocean Model (RIAMOM,; Lee and Yoon 1994) and Geophysical
Fluid Dynamics Laboratory Modular Ocean Model (GFDL MOMI, version 1.1).
Their work was the first intercomparison study of East Sea circulation models,
although only two models may not be enough to assess the models’ performances.
Basically, the two models have similar numeric schemes such as assuming hydro-
static and Boussinesq approximations, applying the Arakawa B-grid system, and
so on, but RIAMOM has a free surface while MOM assumes a rigid-lid without
a free surface. Both models have the same horizontal grid size of 1/6° and the
same 19 uneven vertical levels and were forced by the monthly mean inflows
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and outflows, Haney-type heat flux, and monthly mean wind stresses from the re-
analyzed ECMWEF data. Although both models successfully reproduced the gen-
eral circulation features of the East Sea, such as the Nearshore Branch, EKWC,
and NKCC, they showed a tendency to overestimate (underestimate) temperature
(salinity) below 50 m compared to the observed values of the Generalized Digital
Environmental Model (GDEM) climatology. Nevertheless, it was shown that
RIAMOM has better performance in producing a realistic East Sea flow field.

Coarse resolution models have had trouble reproducing the general circula-
tion of the East Sea, particularly, the overshooting of the EKWC. To resolve this
defect of the models, Holloway et al. (1995) introduced “topostress” to parameter-
ize the eddy-topographic interaction in the East Sea which was poorly resolved
in the coarse resolution models. They used the Modular Ocean Model (MOM,
Pacanowski et al. 1991) which is very similar to that used by Seung and Kim
(1993). Its horizontal resolution was 1/5° and the number of vertical levels was 25.
By exploring sensitivity to an eddy parameter, the general circulation in the East
Sea was improved, and in particular the overshoot of the EKWC was reduced or
eliminated, bringing results close to the observations in the East Sea. It is interest-
ing to compare their results with Hogan and Hurlburt’s (2000) exploration of sen-
sitivity to horizontal resolution, which will be introduced next.

With realistic configurations of the East Sea, a few experiments have been con-
ducted on model sensitivities to horizontal resolution and mixing parameterization.
Hogan and Hurlburt (2000) investigated numerical performance in reproducing
the East Sea surface circulation, in relation to horizontal resolution and bottom
topography by applying the Naval Research Laboratory’s Layered Ocean Model
(NLOM). In particular, it is noteworthy that Hogan and Hurlburt (2000) applied,
for the first time, an Arakawa C-grid model which gives better performance in
high horizontal resolution models (Haidvogel and Beckmann 1999). Hogan and
Hurlburt (2000) demonstrated the sensitivity of the circulation in the East Sea to
various horizontal grid sizes from 1/8° to 1/64°. In addition, the impacts of the
bottom topography and surface wind forcing were discussed. From various simu-
lations, they recommended that the high resolution model with at least 1/32° hori-
zontal grid size is required to resolve the realistic separation of the EKWC from
the Korean coast and to generate sufficient baroclinic instability to produce eddy-
driven cyclonic deep mean flows. Their results also suggest that the separation
latitude of the EKWC depends on the spatial structure of the wind stress curl and
bottom topography as well as the model’s horizontal grid size. In particular, the
problems of EKWC overshooting and too-weak deep circulation, which are com-
monly noted in previous numerical studies in the East Sea, were discussed in this
study. The sensitivity to the surface wind stress forcing was presented by Hogan
and Hurlburt (2005) in more detail. Hogan and Hurlburt (2006) applied Hybrid
Coordinate Ocean Model (HYCOM) with a 1/25° horizontal grid and 12 layers to
reproduce the intra-thermocline eddies reported by Gordon et al. (2002) in the East
Sea and suggested three mechanisms for the formation of those eddies.

Lee et al. (2011) conducted a sensitivity experiment to study tidal effects on
intermediate waters in the East Sea. They applied the RIAMOM, improving the
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Fig. 4.12 The meridional section of potential temperature along 131°E for a without tide, b
with My and K tides, and ¢ the GDEM climatology. Contour interval is 1.0 °C, and thick con-
tours indicate 1.0 °C. d—f corresponding salinities at the same section. Contour interval is 0.01,
and white contours indicate S = 34.05 psu. The solid contours indicate isopycnal layers from
09 = 26.8 kg m~3 to oy = 27.3 kg m~> with an interval of 0.1 kg m~3 (from Lee et al. 2011)

horizontal grid resolution to 1/12° and increasing the number of vertical levels to
50, compared to 1/6° and 19 levels used by Lee et al. (2003a). Their study showed
that direct inclusion of tide-induced processes significantly improves the repre-
sentation of intermediate water mass properties and circulation in the East Sea.
Figure 4.12 shows that the case with tides reproduces well the main ESIW features
on the meridional section along 131°E. In addition, the domain-averaged tempera-
ture and salinity biases in their model were reduced considerably and the wind-
driven southwestward flow along the coastline in the upper layer was enhanced,
because of tidal mixing and internal tide processes. Their results represent the first
approach to a discussion of tidal effects on the East Sea circulation.

Recently, numerical models in the East Sea have advanced to produce results
comparable to observations. Luneva and Clayson (2006) and Clayson et al. (2008)
simulated deep convection in the East Sea during the winters of 1999-2000 and
2000-2001 with an eddy-resolving model having high horizontal resolution. They
used the University of Colorado version of the Princeton Ocean Model (POM;
Kantha and Clayson 2000) with 6 km horizontal resolution and 38 depth levels
(11 sigma levels in the upper 100 m and 27 z-levels at the shelf break and in the
deep sea). They showed realistic surface and deep circulations, comparable with
the observed surface and deep circulation reported by Lee and Niiler (2005),
Takematsu et al. (1999a), Senjyu et al. (2005), and Teague et al. (2005). In par-
ticular, these studies attempted to explain the observed characteristics of the deep
East Sea circulation by numerical modeling. Luneva and Clayson (2006) analyzed
the effect of seasonal surface flux variability on the abyssal current and a possible
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mechanism for a weakening of the bottom drag coefficient due to turbulent mixing
during the winter ventilation of the East Sea. Using the same model, Clayson et al.
(2008) suggested that a vertical coupling between the upper and lower circulations
can enhance deeper mixing through downwelling in a localized region.

Most numerical models, including those with realistic configurations, have
assumed the hydrostatic approximation. To study the dynamics of the subpolar
front in the East Sea, however, Yoshikawa et al. (2012) adopted a non-hydrostatic
numerical model. Since the non-hydrostatic model computes vertical motion
dynamically, it can represent the effect of wind stress and surface cooling on ageo-
strophic vertical motion and frontal subduction at the frontal region. Though the
model employed a simple configuration with a rectangular domain and flat bottom,
its results reproduced vertical motion by wind-generated internal gravity waves
and subduction by surface cooling, which were confirmed by comparing with
observational results (Lee et al. 2006)

4.6.2 Data Assimilation and Forecasting Systems

Over the last decade, interest in ocean forecasting systems has grown with
increase in computing power as well as improving ocean observing systems such
as satellites, Argo, CREAMS programs, and so on (see Chap. 1). Ocean data
assimilation has been regarded as an essential technique in developing an ocean
forecast system, since it initializes the ocean model with a sufficient amount of
available data, thereby improving the forecasting performance. Ocean data assim-
ilation also provides diagnostic tools for understanding oceanic and climatic
conditions.

Initially, ocean data assimilation was applied to the East Sea by introducing
nudging terms to the 3 dimensional temperature and salinity fields to reproduce
realistic circulations and allow investigation of intermediate water formation and
circulation processes (Seung and Yoon 1995b; Yoshikawa et al. 1999).

Hirose et al. (1999) applied the approximate Kalman Filter (Fukumori and
Malanotte-Rizzoli 1995) to assimilate TOPEX/Poseidon altimeter data into a 1.5-
layer, reduced gravity model. The formulation of the model is the same as that
of Kim and Yoon (1996). The horizontal grid resolution is 1/6°. Though it is not
a 3-dimensional model, it was a first attempt to apply a data assimilation tech-
nique. It was shown that their model was improved by data assimilation method,
especially south of the subpolar front. The approximate Kalman Filter was also
applied to the RIAMOM by Hirose et al. (2007) to develop an operational fore-
casting system for the East Sea. The model configuration is similar to Lee et al.’s
(2011) eddy-resolving model but the number of vertical levels is 36. The model is
forced by realistic in/outflow and daily meteorological forcing from the ECMWE.
Temperature and salinity at the boundary are taken from the results of You and
Yoon’s (2004) 1/6° Pacific Ocean model while the velocity is diagnosed from
the density field by the thermal wind relationship under the constraint of total
volume transport in the Korea Strait measured by a ferryboat ADCP (Takikawa
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et al. 2005). Satellite measurements of SST and sea surface height (SSH) were
assimilated into the model while surface salinity was restored to the climatologi-
cal monthly mean. It was shown that their data assimilation system improves sub-
surface mesoscale variability as well as surface circulation in the East Sea. It is
remarkable that averaged root-mean-square SST error between their best estimates
and the radiometer data is only 1.2 °C.

Kim et al. (2009b) implemented a three-dimensional variational method
(3D-Var; Weaver and Courtier 2001) to an East Sea circulation model. They
adopted GFDL-MOM3 for their eddy-resolving circulation model of the East Sea.
The longitudinal horizontal grid varied from 0.06° at the western boundary to
0.1° in the east of 130°E in order to resolve a realistic EKWC, but latitudinal grid
spacing was fixed to 0.1°, and the number of vertical levels was 42. Surface heat
flux was calculated by the bulk formula with realistic meteorological variables
from ECMWE, while the surface salinity was restored to the observations from
the World Ocean Atlas. For the velocity through the Korea Strait, the barotropic
velocity was given by the volume transport monitored by a submarine cable (Kim
et al. 2004b). Satellite measurements of SST and SSH anomaly were assimilated,
together with temperature profiles, into the model. Through comparison between
model results and observations, it was shown that the assimilation system enables
the model to reproduce realistic mesoscale eddy variability such as the UWE and
the DCE as well as the mean circulation of the East Sea (Fig. 4.13). In particular,
seasonal variation of the NKCC was well reproduced: a strong southward NKCC
in summer and its weakening in winter, consistent with results from hydrographi-
cal observations (Kim and Kim 1983).

1| 'eems | 30-Feb-1999 Y [
50N —{ [Reference Vector {/ = 180

| /‘.U | B 175
] f:\,,j - B 170

165

160
= | 155
150
145
- 140

| |
130E 135E 140E
Fig. 4.13 Snapshot of sea surface height and currents on 24 February 1999 produced by a
3-dimensional variational data assimilation system. UWE and DCE respectively denote the Ulle-
ung Warm Eddy and Dok Cold Eddy (Redrawn from Kim et al. 2009b)
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Recently, numerical models of the East Sea, incorporating the data assimila-
tion technique, have advanced to become operational ocean forecast systems.
RIAMOM (Hirose et al. 2007) has already been applied to the East Sea opera-
tional ocean forecast system for the first time in the East Sea, which is available
online (http://dreams-i.riam.kyushu-u.ac.jp/vwp/html/model_info.html).

4.7 Summary and Discussion

Various direct observations using satellite technology in the southern East Sea
have revealed new near-surface circulation features. The EKWC and Nearshore
Branch, after respectively leaving the coasts of Korea and Japan, join in the area
east of the UB and form a broad mean current system named the East Sea Current
(Lee and Niiler 2005). The East Sea Current, which exits the East Sea through the
Tsugaru Strait, is well reproduced by numerical models (e.g. Clayson et al. 2008)
and by an analytical solution in a simplified box model of the East Sea (Arruda
et al. 2004). The Nearshore Branch, which is historically described as an along-
shore current following the coast of Japan from the eastern channel of the Korea
Strait to the Tsugaru Strait, is only observed in the summer season (May—August).
The path of the flow passing through the western channel of the Korea Strait is
found to be determined by the vorticity of the flow before entering the East Sea
and branching of the current only occurs less than 15 % of the time. A reversal of
the NKCC is also observed, and a southward alongshore NKCC is only observed
during summer months (May—August). But these observations of NKCC are based
on statistically insufficient drifter observations in the area due to deployment dif-
ficulties near North Korea.

It is found that eddies in the southern East Sea congregate in meridional
bands determined by the sign of the mean flow vorticity, i.e. the anticyclonic and
cyclonic eddies are born, grow, propagate and decay in the mean negative vorticity
band and in the mean positive vorticity band, respectively. A relatively high num-
ber of anticyclonic eddies in the UB (negative vorticity zone) are found to have
life spans longer than one year, being sustained by receiving kinetic energy from
the meandering mean flow.

After its formation in the JB, deep water circulates cyclonically in the JB, and
part of it penetrates cyclonically into the southern UB and YB through abyssal
channels and gaps (Senjyu et al. 2005; Chang et al. 2009). Hence, the deep cir-
culation of the East Sea is characterized by cyclonic circulation in each of the
deep basins with strong currents of 4-8 cm s~! along the perimeter of each basin
and sluggish flows of 1-3 cm s~! in the basins’ interiors. Deep circulation in the
UB is weakest and highly variable with alternating cyclonic and anticyclonic sub-
basin-scale cells. Strong cyclonic recirculation cells with spatial scales of about
200 km exist in the eastern JB and the western YB. Deep currents in the JB show
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a distinct seasonal cycle with their respective maximum and minimum speeds in
March and November. The seasonal variation of currents, however, is not obvi-
ous in the UB and YB. Instead, energetic temporal variability on timescales of
5-60 days is dominant.

The East Sea circulation is classified into two regimes: upper-layer circulation
generated by bifurcation of the TWC entering the basin, and deep-layer circula-
tion driven by local forcing and isolated in the basin. Most studies agree that the
TWC is essentially driven by the oceanic wind field in the North Pacific, and its
volume transport is largely controlled by the barrier effect arising at the inflow
and outflow channels. The different behavior in seasonal variation of volume
transports in the Tsugaru and Soya straits has been ascribed to sign changes of
the wind stress curl off Hokkaido (it changes from negative in summer to posi-
tive in winter, due to the large seasonal fluctuation of the zero-stress-curl lati-
tude east of Hokkaido), although there are not yet enough studies supporting this
explanation. The formation mechanisms of the EKWC and the Eastern Branch,
both being branch currents of the TWC, are diverse, as reviewed in Sect. 4.5.2.
There is an indication that seasonal variation of the EKWC and Eastern Branch
is due to the combined effect of local and remote buoyancy forcing, although
this explanation does not find further supporting studies. There are many studies
suggesting that the upper-layer circulation in the cold-water region is suscepti-
ble to local wind and buoyancy forcing, which are favorable for a basin-wide
cyclonic gyre.

In the early phase of numerical studies in the East Sea, idealized simple mod-
els were introduced. Though those simple models did not simulate realistic cir-
culations in the East Sea, they have provided valuable tools for understanding
the dynamics of the East Sea circulation. With the advance of computational
power, it has become possible to perform realistic numerical simulations with
high resolution, real topography, meteorological forcing, and lateral boundary
conditions. These realistic simulations have (1) given us pictures of what the cir-
culation looks like in the entire East Sea, which is insufficiently revealed by the
observations, (2) expanded our understanding of the extent to which numerical
configurations, such as small-scale parameterization, bottom topography, and
horizontal/vertical resolution, affect a model’s ability to represent the East Sea
circulation, (3) provided a tool to study dynamical processes in the East Sea cir-
culation. As ocean observational data have increased abundantly with advanc-
ing observing technologies such as Argo floats, satellites, and so on, ocean data
assimilation techniques have been applied to numerical models in the East Sea.
The approximate Kalman Filter and 3 D-Var methods have been applied to cir-
culation models of the East Sea, resulting in operational forecast systems for the
East Sea.

Despite extensive efforts of direct current measurements by current meter
moorings and tracked floats since the 1990s, as well as studies based on hydro-
graphic properties and numerical modeling, the thermohaline circulation and
associated subsurface circulation of the East Sea remains somewhat elusive.



120 D.-K. Lee et al.

Especially, following issues have been identified as important processes that
need to be addressed through more observational efforts and analytical/numerical
modeling.

e An overarching question is whether or not the East Sea MOC is slowing down,
while studies using chemical tracers have reported a decline in the formation of
deep waters (Gamo 1999; Jenkins 2008). This may be answered by combining
numerical modeling and long-term choke-point monitoring of currents.

e The driving mechanism of the deep-layer circulation is one of the least known
problems. Presently, deep-water formation seems to be a more probable candi-
date than surface wind. Overall, there are still a number of issues to be resolved
in order to understand well the circulation dynamics of the East Sea.

e Cyclonic penetration of deep waters from the JB to the UB and YB is a major
conduit for oceanic climate signals to travel southward to the UB and YB from
their origin in the JB. The climate signals would appear in the JB first, so it is
important to examine the variability of this circulation. It is unclear what causes
the observed inter-basin difference of seasonal and intraseasonal variation of
deep currents. Interannual and longer term variations have not been adequately
documented.

e [t is an open question why the deep circulation of the UB is weakest among
three deep basins, while mesoscale eddy activities in the UB are vigorous.

e Also required is an improved understanding of the coupling of upper and deep
circulations, and of the role of surface processes such as air-sea flux and mes-
oscale eddies on the deep circulation.
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