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ABSTRACT

Current and temperature patterns in the Ulleung Basin of the Japan/East Sea are examined using acoustic
travel-time measurements from an array of pressure-gauge-equipped inverted echo sounders moored be-
tween June 1999 and July 2001. The focus here is the formation and behavior of a persistent cold eddy
observed south of Dok Island, referred to as the Dok Cold Eddy (DCE), and meandering of the Subpolar
Front. The DCE is typically about 60 km in diameter and originates from the pinching off of a Subpolar
Front meander between Ulleung and Dok Islands. After formation, the DCE dwells southwest of Dok
Island for 1-6 months before propagating westward toward Korea, where it deflects the path of the East
Korean Warm Current (EKWC). Four such DCE propagation events between January and June 2000 each
deflected the EKWC, and after the fourth deflection the EKWC changed paths and flowed westward along
the Japanese shelf as the “Offshore Branch” from June through November 2000. Beginning in March 2001,
a deep, persistent meander of the Subpolar Front developed and oscillated with a period near 60 days,
resulting in the deformation and northwestward displacement of the Ulleung Eddy. Satellite-altimeter data
suggest that the Ulleung Eddy may have entered the northern Japan/East Sea. The evolution of this
meander is compared with thin-jet nonlinear dynamics described by the modified Korteweg—deVries equa-
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tion.

1. Introduction

Currents in the Ulleung Basin (UB) of the south-
western Japan/East Sea (JES), which largely derive
from the inflow through the Korea/Tsushima Strait, are
thought to be dominated by a northward-flowing west-
ern boundary current known as the East Korean Warm
Current (EKWC), two branches of the Tsushima Cur-
rent (Nearshore and Offshore Branches), and a Subpo-
lar Front (SF). There have been many different descrip-
tions of the meandering currents in the UB (Suda and
Hidaka 1932; Uda 1934; Naganuma 1977; Kawabe 1982;
Naganuma 1985; Katoh 1994; Morimoto and Yanagi
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2001). The meander patterns include both warm- and
cold-water intrusions (Ichiye and Takano 1988), and
warm and cold eddies are commonly observed through-
out the UB (Ichiye and Takano 1988; Isoda and Saitoh
1993; An et al. 1994; Lie et al. 1995; Isoda 1996). How-
ever, cold eddies are less frequently observed than
warm eddies. The formation, structure, and time evo-
lution of the eddies are not well understood. One very
significant cold cyclonic eddy is located south of Dok
Island (Dok Do) throughout much of the year. This
eddy is referred to as the Dok Cold Eddy (DCE) by
Mitchell et al. (2004b). Although there have been a few
observations of cold eddies in the Ulleung Basin men-
tioned in other studies (Kawabe 1982; Tanioka 1968;
and Morimoto et al. 2000), they have been almost en-
tirely ignored in analysis of UB circulation.

Eddies are known to affect the Tsushima Current
and SF and hence influence the dynamics of the entire
JES. Baroclinic Rossby wave theory suggests a length
scale of about 100 km for eddies in the JES (Mat-
suyama et al. 1990). Yoon (1997) depicts the currents in
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the southern JES as a series of cyclonic and anticyclonic
eddies bounded by the SF, EKWC, and Tsushima Cur-
rent. Characteristics and spatial distributions of warm
eddies in the southwestern JES are discussed by An et
al. (1994) using data gathered from 1967 to 1986. Move-
ment of the warm eddies encompassed westward,
northward, and southward trajectories but often the
warm eddies remained in place for several months at a
time. Bottom topography, neighboring currents, and
Rossby waves are thought to influence the movement
of the warm eddies. According to Isoda (1994), warm
eddies in the UB generated in the vicinity of the Oki
Islands propagate eastward. The eastward movement is
attributed to an eastward mean current flow in the
southern UB.

The Ulleung Eddy is perhaps the best known and
most studied eddy feature in the JES. The warm
Ulleung Eddy, present most of the time, has major and
minor axes of about 168 and 86 km in the zonal and
meridional directions, appears to be in geostrophic bal-
ance, and is strongly constrained by the bottom topog-
raphy (Lie et al. 1995). The Ulleung Eddy originates
from the EKWC and forms from a southward flow that
closes into anticyclonic circulation around Ulleung Is-
land (Tanioka 1968). The Ulleung Eddy is frequently
described using hydrographic data, satellite-tracked
drifter data (An et al. 1994; Lie et al. 1995), and alti-
metric data (Morimoto et al. 2000).

Cold eddies in the UB are generally more difficult to
observe, often because of lack of a strong surface sig-
nature. Ichiye and Takano (1988) observed both warm
and cold eddies, with diameters ranging from 30 to 160
km, in isotherm mapping at 100 m, using data taken
during May and June 1987 from the Ten-Day Marine
Reports of the Japan Meteorological Agency. These
eddies are hypothesized to be formed by warm- and
cold-water intrusions from fronts.

Kawabe (1982) observed a cold eddy in the DCE
region in February 1972 and a meandering current in
February 1973. But he noted for the month of March, in
the years 197375, that one or two cold eddies could be
seen between the east coast of Korea and the Oki Is-
lands. He theorized that the eddies may have been cut
off from meanders. Cold eddies were also observed in
the DCE region by Tanioka (1968) using temperature
at 100 m and dynamic topography for July 1966 and
March 1967.

Morimoto et al. (2000), in a study of the eddy field of
the entire JES derived from satellite altimetric data,
observed a cold eddy, referred to as C2, in the vicinity
where the DCE is observed here. The cold eddy iden-
tified through the altimetric data analysis corresponded
well with the temperature mapped at 100 m by the
Japan National Fisheries Research Institute. By using
monthly mean temporal fluctuations of sea surface
dynamic heights from May 1995 through January
1996, the cold eddy was found to persist 4 months, from
May to August, and then to disappear in September.
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The cold eddy appears to have moved westward, to-
ward the Korean coast, where it may have been ab-
sorbed by the EKWC. Morimoto et al. (2000) con-
cluded that warm and cold eddies appear periodically
in the southern part of the UB and that the lifetimes of
the eddies are about 1 month. However, using lag cor-
relation analysis, they determined an eastward propa-
gation of about 1.8 cm s™!, suggesting an eastward ad-
vection by the Offshore Branch. Based on evidence
presented here on propagation of the DCE and by
Morimoto et al. (2000), the eastward propagation might
only be associated with warm eddies in the southern
UB. Westward propagation is associated with the DCE,
which can have a lifetime much longer than 1 month.

There have been many surveys of temperature and
salinity in the UB by Japanese and Korean investiga-
tors. Unfortunately, political boundaries often limited
the coverage areas. In addition, Korean and Japanese
data were sometimes not in good agreement for the
same regions and sampling periods (Kawabe 1982) and
therefore were difficult to combine. Unfortunately, the
DCE apparently is commonly split by the political
boundary between these countries’ economic zones,
making it more difficult to observe. The DCE is not
readily observed in sea surface temperature maps since
the surface temperature differential is usually small.
The DCE is clearly seen in maps of geopotential height
at the surface relative to 500 dbar (lower geopotential
height than surrounding waters) and in vertical sections
of temperature across the eddy. The DCE is also ob-
servable in sea surface height measurements obtained
from satellite altimetry data.

As part of the U.S. Office of Naval Research JES
program an observational program with focus on the
UB was recently completed. Data were obtained from
a two-dimensional array of 23 pressure-sensor—
equipped inverted echo sounders (PIESs) and 11 re-
cording current-meter (RCM) moorings (Fig. 1) de-
ployed for 2 yr, beginning in June 1999. The current-
meter mooring sites were coordinated with those of a
set of four current meter moorings deployed by the
Korean Ocean Research and Development Institute
(KORDI) and an additional mooring deployed by the
Research Institute of Applied Mechanics (RIAM) of
Kyushu University. The near-bottom current data from
all these moorings were used to examine the deep flow
patterns and to level the PIES pressure measurements,
which when combined with the PIES acoustic-echo-
time data form a three-dimensional mapping of the cur-
rent field (Mitchell et al. 2004, 2005). These data have
been used to observe the time-varying currents and ed-
dies, and will be used to understand the coupling be-
tween the shallow and deep currents and eddies and to
quantify cross-frontal and vertical fluxes associated
with mesoscale processes (Mitchell et al. 2005; Teague
et al. 2005b).

This paper concentrates on the meandering of the SF
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FI1G. 1. (top) Topographic map of the Japan/East Sea. The heavy black box represents the
study area. Contour interval is 500 m. (bottom) Topographic map of the Ulleung Basin. The
locations of the PIES (black triangles) and current meters (dark circles) are shown. The
ground track of TOPEX/Poseidon line 112 is marked by small open black squares. Contour

interval is 500 m.

in the UB and on the DCE. A large meander of the SF,
with wavelength and amplitude of about 200 km, com-
monly forms in the UB. The meander can persist for
several months and may be described using thin-jet
theory under particular conditions. The DCE most
likely forms from the meander through an instability

process, followed by a retreat of the meander. The
DCE was typically about 60 km in diameter. Its center
was commonly observed between 130.5° and 132°E
during the 2-yr measurement period. The DCE can
have a major impact on the circulation in the UB and
therefore the entire JES.
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2. Data

Twenty-five pressure-gauge-equipped inverted echo
sounders were deployed during June 1999 as 5 X 5
array with 50-60-km spacing covering a 220 km X 240
km region in the UB (Fig. 1). Twenty-three of these
PIESs were recovered in June-July 2001, with deep
crab fishing activities probably responsible for the two
losses. Instrument spacing was selected to allow coher-
ent mapping of mesoscale features, based on a correla-
tion length scale of 100 km estimated for upper-layer
features using Rossby wave theory (Matsuyama et al.
1990).

A PIES measures vertical acoustic travel time with
an accuracy 1.6 ms and a resolution of 0.05 ms, abyssal
pressure with a resolution of 0.001 dbar and an accu-
racy of 0.1-0.3 dbar, and temperature (used to correct
the Digiquartz pressure transducer’s temperature sen-
sitivity) with an accuracy of 0.15°C and a resolution of
0.0007°C. All measurements were recorded hourly. The
vertical profile of temperature and specific volume
anomaly can often be inferred from a travel time mea-
surement through the gravest empirical mode (GEM)
technique, originally developed by Meinen and Watts
(2000). In order to improve the interpretation of PIES
data and separate the eddy variability from the spatially
varying seasonal signal that extends through the depth
of the shallow JES thermocline, the GEM technique is
enhanced by a combined analysis with the U.S. Navy’s
Modular Ocean Data Assimilation System (MODAS)
static climatology (Fox et al. 2002), which contains the
spatially variable seasonal signal. This new method, re-
ferred to as the residual GEM technique, is fully de-
scribed by Mitchell et al. (2004).

3. Observations from PIES data

The surface temperature signature of the DCE,
which is just a fraction of a degree, is not readily iden-
tified in sea surface temperature maps. However, the
DCE is clearly identifiable at 100-m depth where the
signature is often greater than 2°C. The structure of the
DCE suggests that the vertical integral of specific vol-
ume anomaly, that is, geopotential height [primarily de-
termined by temperature variations in the Ulleung Ba-
sin (Mitchell et al. 2004)], is the appropriate parameter
for studying the behavior of the DCE. The residual
GEM technique estimates dynamic height, defined as
the geopotential height at the surface relative to 500
dbar divided by the acceleration of gravity, with a pre-
cision of 2.44 cm (Mitchell et al. 2004). The range of
dynamic height in the UB is about 60 cm, giving a sig-
nal-to-noise ratio of 25:1. In addition, the use of dy-
namic height allows direct comparisons with satellite
altimeter sea surface height measurements and their
associated geostrophic currents.

The mean positions of the EKWC, Ulleung Eddy,
SF, and DCE are easily discerned in a map of the av-
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erage dynamic height in the UB derived from the PIES
measurements (Fig. 2). The Ulleung Eddy has a mean
diameter of about 135 km and is centered southwest of
Ulleung Island. The mean path of SF meanders extends
to the south along 131.9°E, which is approximately the
longitude of Dok Island. The DCE has a mean diam-
eter of 60 km and is centered near 131.4°N, 36.6°E when
it is stationary. The path that the DCE follows while
propagating westward is along the southern edge of the
Ulleung Eddy at about 36.2°E, which is also the mean
latitude where it crosses Ocean Topography Experiment
(TOPEX)/Poseiden (T/P) satellite-altimeter line 112
(Fig. 1). Clearly, the DCE was present often enough
during the 2-yr measurement period to leave a clearly
defined signature in the mean dynamic height field.

Maps of dynamic height on representative days for
seven different events are shown in Fig. 3. The DCE is
well defined throughout much of the 2-yr measurement
period, and its center, prior to westward propagation, is
generally located between 36° and 37°N with an east-
ernmost extreme location of about 132.5°E (Fig. 3,
event 7) at the end of the measurement period. The
DCE either remains almost stationary or tends to
propagate westward toward Korea with speeds of 6-8
cm s~ !, which is significantly higher than the 1-2 cm s~
predicted for internal Rossby waves according to ¢ =
—BA?, where c is the phase speed, B is the northward
gradient of the Coriolis parameter, and A is the internal
Rossby radius (~5-10 km in UB). When stationary, it
tends to elongate in the north-south direction and,
when propagating, it tends to elongate in the east-west
direction. Its shape and position vary with fluctuations
of the Offshore Branch position, changing from nearly
circular when the Offshore Branch is weak to more
elliptical when the Offshore Branch is strong (Mitchell
et al. 2005).

The DCE was centered near 36.6°N, 131.6°E from
June through November 1999 (Mitchell et al. 2005)
before propagating westward. Prior to formation of
the Ulleung Eddy, from 30 June through 20 July 1999
(not shown) the transport through the Korea/Tsushima
Strait diminished from 3 Sv (Sv = 10° m® s™') to 2 Sv
(Teague et al. 2002, 2005a). In late July 1999 the DCE
began to split into two eddies, a larger eddy to the
south and a smaller eddy to the north (Fig. 3, event 1).
The smaller northern DCE propagated northwest-
ward above the still-forming Ulleung Eddy and merged
with the cool waters along the Korean coast near 38°N.
After 20 July 1999 the inflow through the Korea/
Tsushima Strait increased to a maximum of 5 Sv du-
ring which time the Ulleung Eddy increased its size
(Fig. 3, event 2) in response to the increased trans-
port. The Ulleung Eddy expanded northward and com-
pletely filled the northern UB from the Korean coast
to the Oki Spur by 15 November 1999. During the
Ulleung Eddy expansion, the southern DCE remained
nearly stationary until December 1999 (Mitchell et al.
2005).
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F1G. 2. Average dynamic height (geopotential height anomaly at surface relative to 500 dbar
divided by the acceleration of gravity; cm) over the 2-yr deployment in the Ulleung Basin. The
mean positions of the EKWC, Ulleung Eddy, Subpolar Front, and the Dok “Cold Eddy” are
labeled. The white diamonds, from left to right, are Ulleung Island, Dok Island, and a sea-
mount that reaches within 500 m of the surface.

Between December 1999 and June 2000, the DCE
propagated westward and merged with the EKWC four
separate times (Fig. 3, events 2-5). The first time, the
DCE propagated westward toward Korea in December
1999 and was absorbed by the EKWC in late January
2000 (event 2). In early February 2000, the DCE re-
formed and remained nearly stationary until it began to
propagate toward Korea on about 25 March, reaching
the region of the Korean coast on 6 April 2000 (event
3). Soon after, the DCE re-formed on about 18 June
2000 and immediately propagated southwestward,
reaching the Korean coast in early July 2000 (event 5).
During each of these four DCE propagation events, a
portion of the EKWC was diverted eastward south of
36.5°N. After the first three events, the EKWC re-
turned approximately to its prior path.

Immediately following the fourth DCE westward
propagation event, the EKWC was fully diverted away
from the Korean coast and followed a new path east-
ward along the Japanese shelf break before turning
north along the Oki Spur. The flow of warm water
along this path is traditionally referred to as the “Off-
shore Branch” (Mitchell et al. 2005). After the di-
version of the EKWC into the Offshore Branch, the
Ulleung Eddy divulged a significant portion of its mass
to the east into the Offshore Branch (Fig. 3, event 5,
22 July 2000). Following this, an extreme deepening
of a meander trough of the SF that nearly extended to

the coast of Korea occurred in August 2000 (Fig. 3,
event 5). Correspondingly, the warm Ulleung Eddy
became isolated and entirely surrounded by cold wa-
ters.

After reestablishment of the EKWC in early Novem-
ber 2000, a larger DCE reformed in late November
(Fig. 3, event 6) and remained fairly stationary. Steep
troughs developed in the SF and twice enveloped the
DCE (29 January and 10 March 2001), sometimes
obscuring the DCE. The first time, the DCE merged
with the meander and was reshed as the meander re-
treated. The second time, however, the meander trough
persisted and strengthened. Figure 3 (event 7) shows
the behavior of the large meander from the time of
recapture of the DCE until the time our array of in-
struments was recovered in June 2001. During this pe-
riod the amplitude of the meander is about 200 km,
and the trough oscillates in the east—west direction with
a period of about 60-90 days. In early June 2001, a
small DCE separated from the SF meander and re-
mained near 36.5°N, 132.5°E for the remaining dura-
tion of our measurement period. Also of note during
the oscillation of the SF meander, the Ulleung Eddy
narrows in the east-west direction, elongates in the
north—south direction and is steadily displaced to the
northwest until the entire eddy is north of Ulleung Is-
land, the only time this occurs during our measurement
period.




































