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ABSTRACT

This study investigates the distribution of the sea surface height anomaly (SSHA) with the aim of quan-
tifying the characteristics of mesoscale eddies in the Kuroshio–Oyashio extension region (KOER), where
intense mesoscale eddies are commonly observed during hydrographic surveys. Dense distributions of both
anticyclonic eddies (AEs) and cyclonic eddies (CEs) are detected for the first time in KOER with sufficient
temporal and spatial coverage, using the Okubo–Weiss parameter without smoothing. Their contribution to
the total SSHA variance is estimated to be about 50%. The zones of highest amplitudes are located north and
south of the axis of the Kuroshio Extension (KE) for AEs and CEs, which represent warm-core and cold-core
rings, respectively; the areas extend poleward along the Japan and Kuril–Kamchatka Trenches, especially for
AEs. Eddies of both polarities and with moderate amplitudes are also recognized along the Subarctic Front
(SAF). Eddies in areas north and south of the KE generally propagate westward, at a mean rate of 1–5 cm s21;
those along the trenches south of 468N and along the SAF propagate poleward at mean rates of 1–2 and
0.5–1 cm s21, respectively. Because of the asymmetric distribution of the AEs and CEs in the areas north and
south of the KE, and the asymmetric amplitude of them along the Japan and Kuril–Kamchatka Trenches,
there exist significant eddy fluxes of vorticity, heat, and salinity in these areas.

1. Introduction

The Kuroshio and Oyashio, the western boundary
currents of the subtropical and western subarctic gyres of
the North Pacific, respectively, separate from the conti-
nental shelf to form a region of confluence east of Japan
(Fig. 1). The Kuroshio–Oyashio extension region (KOER),
defined here as the region encompassing the Kuroshio
Extension (KE) and the Oyashio and its extension (also
interpreted as return flow) to the east, contains various
types of mesoscale eddies with characteristics that in-
dicate an origin from the KE, the Oyashio, the Tsugaru
Warm Current (TWC), and the Okhotsk Sea (e.g., Kawai
1972; Yasuda 2003). The eddies may persist in this region
for periods ranging from several months to more than one
year, and their occurrence and physical and biological
evolution have a strong influence on the local climate,
hydrography, and fisheries (Sugimoto and Tameishi 1992;
Yasuda et al. 1992).

The occurrence and behavior of these mesoscale eddies
are known to be related to both bottom topography and
variability in currents (e.g., meanders of the KE, south-
ward intrusions and the eastward extension of the Oya-
shio, and volume fluctuations in the outflows of the TWC
and the Okhotsk seawater; Fig. 1c). They are monitored
mainly via hydrography, infrared imaging, and altimetry
data (Kawai 1972; Yasuda et al. 1988; Shimizu and Ito
1996; Ito and Shimizu 1997; Sainz-Trápaga et al. 1998;
Iwao et al. 2003; Yasuda 2003; Isoguchi et al. 2006).

Based on the descriptions and notation provided in
previous studies (Iwao et al. 2003; Yasuda 2003), in the
present study we refer to bands of relatively high mean
northeastward geostrophic velocities corresponding to
the extension of the Oyashio and a frontal zone along
408N as the Subarctic Front (SAF) and Subarctic Bound-
ary (SAB), respectively (Fig. 1). Although the Kuroshio
bifurcation front (KBF)—which is considered to bifurcate
from the KE near the Shatsky Rise around 1608E to
extend northeastward to merge with the SAB—is com-
monly considered a quasi-stationary hydrographic fea-
ture (Sainz-Trápaga et al. 2001; Yasuda 2003), it is not
possible to specify its location with reference to the
mean geostrophic flow field.
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The distribution of anticyclonic warm eddies that
originate from the KE (commonly referred to as Kur-
oshio warm-core rings) is concentrated along the Japan
and Kuril–Kamchatka Trenches (hereafter referred to as
‘‘the trenches’’), with the eddies showing slow northward
movement along the Japan Trench and northeastward
movement along the Kuril–Kamchatka Trench (Kitano
1975; Inagake 1997). This pattern was also reported by
Hata (1974), Yasuda et al. (1992), and Mishra et al. (1999),
who conducted successive hydrographic observations of
long-lived warm-core rings from the KE with durations
of more than one year. These studies also described in-
traannual fluctuations in eddy movement caused by in-
teractions with the Oyashio, KE, and other warm eddies.

In analyses of subsurface (at 100-m, 200-m, and 400-m
depth) monthly temperature maps compiled by objec-
tive analyses of hydrographic data obtained in the area
offshore from eastern Japan (Shimizu and Ito 1996; Ito
and Shimizu 1997), several anticyclonic warm-core rings
(WCRs) are usually recognized in the Kuroshio–Oyashio

transition area, typically west of 1468E. Although most
of the anticyclonic eddies in the area east of Japan are
considered to have originated from the KE or TWC (and
hence have warm cores), some that occur in the west-
ern subarctic gyre (WSAG) have cold, fresh core water
derived from the Okhotsk Sea. The structure and evo-
lution of these so-called Kuril eddies, as detected by hy-
drographic observations, have been reported previously
by Yasuda et al. (2000) and Rogachev (2000).

While the results of numerical experiments suggest
that the northward movement of anticyclonic eddies
along the trenches is driven by the image effect of a steep
slope (Yasuda et al. 1986; Itoh and Sugimoto 2001), the
pseudo b effect (caused by a deep poleward current
along the slope) has also been proposed as a possible
mechanism (Yasuda et al. 2000). Alternatively, Isoguchi
and Kawamura (2003) suggested the dominant effects of
advection of the Oyashio on the movement of Kuril
eddies, which show behavior related to variations in
wind-driven transport.

FIG. 1. Geography and hydrography of the study region: (a) bottom
topography (from Smith and Sandwell 1997), (b) magnitude of mean
geostrophic velocity (color scale) and mean dynamic height with 1500-db
reference [gray contours in m; Rio and Hernandez (2004)], and (c)
schematic summary of the main hydrographic features of the KOER.
In (a) and (b), the KOER is demarcated by thick solid lines. The
deepest part of the Japan Trench (JT) and Kuril–Kamchatka Trench
(KKT) are represented by the dashed white line, and front lines (de-
fined as bands of relatively strong mean geostrophic flows, denoted as
the Subarctic Front (SAF) and the subarctic boundary (SAB) are
represented by black dashed lines. OY, OYI, WCR, CCR, CWA, KE,
KBF, and TWC in (c) indicate the Oyashio current, the southward
intrusion of the Oyashio, a warm-core ring, a cold-core ring, the cold-
water area, the Kuroshio Extension, the Kuroshio bifurcation front,
and the Tsugaru Warm Current, respectively.
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Based on an analysis of temperature distributions at
300-m depth around the KE area obtained from hydro-
graphic observations over the period 1976–80, Mizuno
and White (1983) identified 16 WCRs and 9 cold-core
rings (CCRs) that were traceable for more than three
seasons and were regarded to have anticyclonic and
cyclonic polarities, respectively. These WCRs and CCRs
were found to occur north and south of the KE axis,
respectively. The rings generally moved westward with
an average speed of 1 cm s21, roughly consistent with
both the movement pattern and speed of Rossby waves.
Northward and southward displacements were com-
monly found for WCRs and CCRs, respectively, although
this is the opposite pattern to that found for isolated
eddies in numerical experiments (McWilliams and Flierl
1979).

Cyclonic CCRs are commonly recognized south of the
KE in subsurface temperature maps compiled for the
area east of Japan. In the area north of the KE, however,
it is more common to observe the so-called cold cores or
cold-water areas (CWAs) that form near the intrusions
of the Oyashio (Kawai 1972; Murakami 1994; Shimizu
and Ito 1996; Ito and Shimizu 1997), which are expected
to have relatively weak cyclonic polarity. Unlike the
occurrences of the two types of anticyclonic eddies (with
warm core water or cold core water), there have been no
reports of cyclonic WCRs in the KOER.

The Tsugaru warm current develops an anticyclonic
gyre in autumn (gyre mode), when a high volume
transport of outflow from the Tsugaru Strait occurs, and
flows southward along the coast in spring (coastal
mode), when outflow is minor (Conlon 1982). The gyre
structure often collapses and occasionally shows cy-
clonic flows over short periods of 20–30 days (Yasuda
et al. 1988).

As stated above, previous studies have reported some
of the basic characteristics of mesoscale eddies in the
KOER (e.g., Mizuno and White 1983). The frequent oc-
currence and movements of eddies with characteristic
core waters, as described in these earlier studies, suggest
that they play important roles in the transport of heat,
materials, and biota. However, a general and quantita-
tive description of their distribution and movement,
which is necessary for assessing the influence of the
eddies on transport processes, has yet to be provided,
mainly because of the difficulty involved in the detection
and tracking of individual eddies using hydrographic
and/or infrared images.

Merged sea surface height (SSH) data from the Ocean
Topography Experiment (TOPEX)/Poseidon (T/P) and
European Remote Sensing Satellites-1 and -2 (ERS-1/2)
or Jason-1 and Envisat altimeters, which have been
available since 1993, have sufficient temporal and spatial

resolution to enable the detection and tracking of me-
soscale eddies. Using these altimetric data in combina-
tion with high-resolution sea surface temperature data,
Isoguchi et al. (2006) successively described the complex
frontal structure of the KOER. A key finding of this
earlier study was the detection of two quasi-stationary
jets (J1 and J2) that generally formed along bathymetric
contours. The positions of J1 and J2 roughly coincide
with the SAF and KBF, indicating their important role
in the poleward transportation of warm water; however,
as the authors mainly focused on quasi-stationary
structure, the behavior of individual eddies was not
examined.

Isern-Fontanet et al. (2003, hereafter I03) provided a
practical procedure for the detection of eddies using the
Okubo–Weiss parameter W (Okubo 1970; Weiss 1991)
derived from SSH anomaly (SSHA) data; this parameter
indicates the relative importance of rotation versus de-
formation. Using this procedure, Isern-Fontanet et al.
(2006, hereafter I06) detected about 20 000 anticyclonic
and cyclonic eddies in 213 SSHA maps of the Mediter-
ranean Sea and tracked more than 400 individual anti-
cyclonic and cyclonic eddies.

The same procedure was employed by Chelton et al.
(2007, hereafter C07), who examined mesoscale vari-
ability in the global ocean via approximately 30 000
individual cyclonic and anticyclonic eddies with life-
times of $4 weeks, as detected from 10 years of SSHA
data. The authors reported westward propagation of the
eddies with a phase speed similar to that of the baro-
clinic Rossby wave, and slight poleward and equator-
ward movement of cyclonic and anticyclonic eddies,
respectively, consistent with the findings of previous
studies on isolated eddies (e.g., McWilliams and Flierl
1979). However, C07 did not describe in detail the var-
iability in eddies near boundary regions, including the
KOER where, despite the detection of large numbers of
mesoscale eddies via hydrographic observations, there
occurs a relatively small number of eddies that make
a small contribution to the total SSH variance (typically
#25%) (Fig. 3 in C07). The authors attributed this low
detectability to the contribution of short-lived eddies,
the properties of the eddy-tracking algorithm, and physi-
cal processes other than eddies. However, we consider
this low detectability of eddies in the KOER to reflect the
low-pass filtering conducted by C07 on the SSHA and
W maps, which eliminates relatively small-scale eddies
near strongly hyperbolic areas (those areas where de-
formation dominates rotation).

In the present study, therefore, the characteristics
of eddies in the KOER are studied using merged sea
surface height data from altimeters, as used in previ-
ous studies such as I06 and C07, but without low-pass
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filtering prior to the detection of eddies. The main ob-
jective of this study is to provide a general and quanti-
tative description of the characteristics of mesoscale
eddies in the KOER, which is necessary for assessing the
role of eddies in the transport of heat, materials, and
biota. The descriptions focus on the following properties
of eddies: density (number per unit area), intensity, size,
age, and propagation speed, as in previous studies (e.g.,
Chelton et al. 2007), and associated vorticity and ele-
vation fluxes that are directly related to transport pro-
cesses. These properties are also required for studies on
the dynamics of such eddies.

The remainder of the manuscript is organized as fol-
lows. Section 2 provides details on the specifications of
SSHA data, methods employed in detecting and track-
ing eddies, and definitions of eddy properties. The dis-
tributions of various eddy properties, trajectories, and
fluxes caused by propagation are presented in section 3.
Finally, in section 4 the results obtained from SSHA data
are compared with previous hydrographic observations,
and the general characteristics of mesoscale eddies are
given, along with a discussion on their implications for
intergyre heat transport and water mass exchange.

2. Data and methods

a. Sea surface height anomaly maps

Gridded SSHA maps calculated from the deviation
from the 7-yr mean for the period 1993–99, constructed
by merging two sets of source data (T/P and ERS-1/2 or
Jason-1 and Envisat satellite altimeters), were produced
by Segment Sol Multimissions d’Alimétrie, d’Orbitog-
raphie et de Localization Precise/Data Unification and
Altimeter Combination System (Ssalto/Duacs) and dis-
tributed by Archiving, Validation and Interpretation of
Satellites Oceanographic Data (AVISO), with support
from the Centre National d’Etudes Spatiales (CNES)
(Ducet et al. 2000; Le Traon et al. 2003; Pascual et al.
2006; AVISO 2008). The maps are produced every 7 days
and have a spatial resolution of 1/38 3 1/38. The maps from
October 1992 to February 2008 for the region 258–558N,
1308E–1808 are used in the present study in the detection
and tracking of eddies. Herein, Rio05 refers to absolute
dynamic topography referenced at 1500 db (Rio and
Hernandez 2004), as produced by the Collecte Local-
isation Satellites (CLS) Space Oceanography Division.
Bottom topography from Smith and Sandwell (1997)
was used in mapping eddy characteristics.

b. Detection and tracking

The procedure employed in this study is basically the
same as that used in I03, I06, and C07: areas with a

negative value of the Okubo–Weiss parameter, W 5 4
[(›u/›x)2 1 (›y/›x)(›u/›y)], and less than a critical value
W0 in a geostrophic velocity anomaly map were con-
sidered to be eddy areas, and the nearest eddies within
a range r in successive maps were regarded as being the
same eddy. We adopted W0 5 22 3 10212 s22 (follow-
ing C07) and r 5 100 km (following I06). In cases when
more than two eddies in an earlier map correspond to a
single eddy in the subsequent map, the eldest of the two
is selected to continue, as employed in C07. Although
it has been suggested that some WCRs are absorbed
into the KE and then shed from it after a certain time
(Tomosada 1986), such regeneration was not considered
in the present study because the relevant processes
cannot be fully resolved solely from SSHA maps; hence,
once an eddy disappeared in a map, it was considered to
be terminated and distinct from any eddy that subse-
quently appeared, even those that appeared at the lo-
cation where the earlier eddy had been terminated.

Although I03, I06, and C07 applied spatial and tem-
poral low-pass and median filters to SSHA and W maps
to extract robust signals, we chose not to use these filters
because we consider variability in relatively small-scale
eddies located near strongly hyperbolic areas (where
deformation dominates rotation) with large positive W,
possibly in the frontal area of the KE and the Oyashio,
so as to avoid data loss near the lateral boundary.
However, the following two requirements for profiles of
individual eddies detected based on W maps, as con-
sidered in C07, were also assigned in the present study:
1) the eddy should occupy at least four grid boxes with
values less than W0, which represents an equivalent
radius approximately equal to the first baroclinic Rossby
radius of deformation, about 30 km in KOER (Chelton
et al. 1998), and 2) the eddy should have a lifetime
greater than T0 5 4 weeks (eddies detected only once
are regarded to have a lifetime of 0 weeks). These two
conditions were employed to eliminate fluctuations other
than eddies, without reducing detectability.

In distinguishing anticyclonic eddies from cyclonic
eddies, I03 considered the sign of vorticity in the eddy
areas, whereas C07 considered the sign of the SSH
anomaly. We chose the former approach because the
use of SSHAs without adequate filtering leads to an
erroneous interpretation of the polarity due to signals of
steric variability; however, most of the detected AEs
(CEs) generally have positive (negative) SSHA except
for those with extremely small amplitudes. Detection
and tracking were conducted for the entire region 258–
558N, 1308E–1808 although detailed analyses were re-
stricted to the northwestern part of the North Pacific
(308–508N, 1408–1708E) corresponding to the KOER—
herein referred to as the study region (Fig. 1). The
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region outside of the KOER but within the analysis re-
gion of 258–558N, 1308E–1808 is referred to as the sur-
rounding region.

c. Estimation of eddy properties

The geographical characteristics of eddy properties
are investigated based on overlapping 18 3 18 bins cen-
tered on the 1/38 3 1/38 grids of the SSHA maps. In terms
of basic properties, we estimated the following: cumu-
lative number of anticyclonic eddies (NA) and cyclonic
eddies (NC), ensemble means of the vorticity amplitude

(ZA and ZC, maximum of the absolute values of relative
vorticity; herein, the subscripts A and C denote anticy-
clonic and cyclonic), radius (RA and RC, where R 5 [(area
of an eddy)/p]1/2), proportion of eddies older than (based
on instantaneous ages) 12 weeks (PA and PC; not mean
lifetime; first detection is considered as age 0), and prop-
agation speed (UA, VA and UC, VC, where U and V in-
dicate eastward and northward components, respectively).

In addition to the above basic properties, Eulerian
mean fluxes of relative vorticity and SSHA were also
estimated:

(u9z9, y9z9) 5
1

TobsAbin

!(UAGA 1 UCGC), !(VAGA 1 VCGC)

! "
, (1)

and

(u9h9, y9h9) 5
1

TobsAbin

!(UALA 1 UCLC), !(VALA 1 VCLC)

! "
, (2)

where ! was conducted over all eddies detected in the
corresponding bin and Tobs, Abin, GA (GC), and LA (LC)
indicate the observation period, the area of the bin,
area-integrated relative vorticity, and area-integrated
SSHA of the AEs (CEs), respectively. The vorticity flux
was calculated not only because it influences large-scale
ocean circulation (Verron and Le Provost 1991), but
also because the method of eddy detection employed in
the present study is based on vorticity. Although the
distribution of SSHAs is generally negatively related to
that of vorticity, the elevation flux was also calculated
because it represents a proxy for heat flux. Assuming
a negligible barotropic component, the elevation flux
can be expressed in terms of heat and salinity fluxes:

u9h9 5 u9
#

d dp ! u9
#

[aTT9" aSS9] dp

5
aT

r0Cp

u9q9" aSu9S9, (3)

where d, aT, aS, T9, r0, Cp, u9q9, and u9S9 are the volume
anomaly of the eddies, thermal expansion coefficient,
saline contraction coefficient, temperature anomaly of
the eddies, reference density, heat capacity, heat flux,
and salinity flux, respectively.

To satisfy the condition of a minimum lifetime of four
weeks, all of the above properties were estimated ex-
cluding the data for the first and last 4-wk periods, and
PA and PC were estimated excluding the data of the first
and last 12-wk periods.

3. Results

a. Detected eddies and their contribution to SSH
variance

This subsection demonstrates the validity of the eddy-
detecting method employed in this study. We first pres-
ent the sensitivity of the three conditions (i.e., W , W0,
minimum eddy area of four grid boxes, and minimum
lifetime of four weeks) to the SSH variance (roughly
proportional to eddy potential energy) step by step, and
then show the distribution of the detected eddies on
a concurrent sea surface temperature map.

While the number of detected eddies increases with
decreasing W0, their contribution to the total SSH var-
iance asymptotically approaches 55.5%. Using the se-
lected value of W0 5 22 3 10212 s22 (following C07),
the SSH variance in eddy areas with W , W0 reproduced
54.1% of the total SSH variance—97.4% of the asymp-
totic value (Fig. 2a). Although the number of detected
eddies increased by about 14% with a smaller value of
W0 (522 3 10213 s22), their contribution to the total
SSH variance showed only a slight increase to 55.4%,
indicating an increase in subtle signals. We therefore
concluded that the selected value of W0 (522 3
10212 s22) was low enough to detect most of the meso-
scale eddies that were commonly observed to show large
variability in the KOER.

After applying the requirement of a minimum of four
grid boxes in defining eddy areas, the contribution of the
eddies to SSH variance showed a slight decrease to
52.1% of the total variance. After eliminating eddies
with lifetimes of T , T0 5 4 wk, the contribution of
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detected eddies was 47.5% (Fig. 2b), which is markedly
higher than the estimation reported by C07 (Fig. 4 in
C07 shows values in the KOER that are apparently less
than 25%). For T0 5 12 wk, the detected eddies still
contained 38.4% of the total variance. In contrast to this
moderate decrease in eddy SSH variance (from 54.1%
to 47.5%) following the processing described above, the
number of eddies fell by one-third, indicating the
effective exclusion of erroneous signals.

Figure 3 shows the distributions of AEs and CEs de-
tected from a SSHA map for 26 December 2007 overlaid
on an optimally interpolated sea surface temperature
(OISST) (Donlon et al. 2002) map for the correspond-
ing period (mean values for the period from 23 to
29 December). The detected AEs and CEs that met all
the requirements stated above (as plotted using black
symbols), except for those near the Kuril Islands, were
located on the crests and troughs of OISSTs, which
generally correspond to maxima and minima in sub-
surface temperature maps, respectively. This finding

demonstrates the validity of the eddy-detecting method
employed in the present study, even for the frontal area.
While the AEs were frequently detected in the troughs
of OISST near the Kuril Islands (Fig. 3a), their origin is
attributed to anticyclonic cold-core rings, as reported in
previous studies (Rogachev 2000; Yasuda et al. 2000).

We ultimately identified about 4400 AEs and 4700
CEs, and tracked them in the study region of the KOER
during the available period of 790 weeks (about 16 years
and 2 months).We found 1659 (155) AEs and 913 (144)
CEs with lifetimes $12 wk (52 wk). The cumulative
numbers were approximately 59 000 for AEs and 63 000
for CEs, indicating an average of 75 AEs and 80 CEs
observed in the study region each week.

b. Basic properties

1) NUMBER OF EDDIES

Figure 4 shows the distribution of the density (total
number detected in a 18 3 18 bin) of anticyclonic and

FIG. 2. Contribution to the total SSHA variance of (a) eddy areas with Okubo–Weiss parameter W , W0 and
(b) eddies with lifetimes longer than T0 (weeks). Vertical dashed lines indicate threshold values employed in our analysis;
W0 and T0 indicate the threshold value of W and threshold value of the eddy lifetime, respectively.

FIG. 3. Distribution of detected (a) anticyclonic and (b) cyclonic eddies (black symbols) from an SSHA map for
26 Dec 2007 overlaid on a map of OISST [in 8C; gray contours; Donlon et al. (2002)] for the same period.

MAY 2010 I T O H A N D Y A S U D A 1023



cyclonic eddies (NA and NC, respectively) during the
observation period. Dense areas of NA . 150 and NC .
150 occur locally along the trenches; the northern and
southern flanks of the KE, SAF, SAB; and along the
TWC. The maximum values (NA 5 335 and NC 5 442)
were observed in the area of the TWC. AEs were more
frequently observed along the northern flank of the KE
than were CEs, but less frequently observed along the
southern flank. CEs were more densely distributed
along the trenches than were AEs. The patchy distri-
bution of high-density areas is attributable to high fre-
quency occurrences of eddies in the same locations
corresponding to the geography and quasi-stationary hy-
drographic features, and characteristic horizontal scales
of eddies (radius distributions are presented later).

2) VORTICITY AMPLITUDE

The mean vorticity amplitude (ZA and ZC) was highest
around the KE, especially in its western part, with high
values extending slightly along the trenches (Fig. 5). A

detailed analysis of the data reveals several differences
between ZA and ZC: ZA was higher than ZC in the TWC
area and along the trenches; the zone of highest ZA was
located upon or north of the axis of the KE, whereas
the zone of highest ZC was located upon or slightly south
of the axis. The amplitude of AEs decreased along
the trenches from 358 to 438N, although an area of ele-
vated values occurs around 468–478N. An area of rela-
tively high amplitude observed along the trenches around
508N appears to be related to an area farther north,
outside of the KOER. The maximum amplitude of AEs
(3 3 1025 s21) occurred on the northern flank of the KE,
smaller than the maximum amplitude of CEs found on
the southern flank (5 3 1025 s21). For both ZA and ZC,
the amplitude was slightly enhanced along the SAF.

3) RADIUS

Large values of mean radii (RA and RC) were observed
around the KE south of the SAB. The difference in the
distribution patterns of RA and RC is more pronounced

FIG. 4. Distribution of the number of (a) anticyclonic and (b) cyclonic eddies (NA and NC, respectively) detected in 18 3 18 bins during
the analysis period of 790 weeks. The deepest part of the trenches, the SAF, and the SAB are shown by dashed lines, and gray contours
show the mean dynamic height, as in Fig. 1. Values larger than 250 are shown with the same color as that assigned to a value of 250.

FIG. 5. As in Fig. 4, but for ensemble-mean vorticity amplitude, ZA and ZC.
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than that for the vorticity amplitude (i.e., ZA versus ZC;
Fig. 6). Large values of RA, typically exceeding 60 km, are
clearly observed in the area north of the KE, while large
values of RC occur along the axis of the KE. For both
polarities, areas of relatively large radii were recognized
along the trenches and southern margin of the SAF. The
maximum value of RA (89 km) was found at the first
trough of the KE (at 1458209E), while the maximum value
of RC (80 km) occurred along the KE at ;1608E.

4) AGES OF EDDIES

The proportion of eddies older than 12 weeks (PA and
PC) is shown in Fig. 7. Higher concentrations of old AEs
(PA $ 50%) were recognized along the trenches, SAF,
and SAB. Values along the trenches and the eastern part
of the SAB (northern part of the KBF) exceeded 80%,
but were extremely low (less than 20%) south of the KE.
A similar pattern was observed for CEs, although with
smaller values along the trenches and in the area be-
tween the KE and SAB, and with larger values in the
areas around the TWC and the eastern part of KE.
Because PA and PC simply represented the relative

frequency of old ($12 wk) eddies to all eddies, high
(low) values could either reflect frequent (infrequent)
occurrences of old eddies or infrequent (frequent)
occurrences of young eddies. The distributions of PA

and PC are also compared with the trajectories of long-
lived eddies in the following subsection.

c. Propagation and associated flux

1) PROPAGATION

Figure 8 shows the mean propagation speeds of de-
tected eddies. For both AEs and CEs, westward prop-
agation is clearly observed in zones north and south of
the KE and in an eastern KE area (east of 1608E).
Propagation speeds were 1–2 cm s21 in the zone north
of the KE and 1–5 cm s21 in the zone south of the KE
and the eastern KE area. Zonal propagation was not
evident in the KE area west of 1608E, where the mean
eastward geostrophic flow exceeds 20 cm s21 (Fig. 1b);
instead, we found southward movement of CEs around
the first two troughs and northward movement of AEs
around the first two crests, both across the contour lines

FIG. 6. As in Fig. 4, but for eddy radii (km), RA and RC.

FIG. 7. As in Fig. 4, but for the proportion of eddies (%) with age $12 wk, PA and PC.

MAY 2010 I T O H A N D Y A S U D A 1025



of mean dynamic height, which approximately coincide
with mean geostrophic streamlines. We observed slow
propagation toward the east and northeast along the
SAF at rates of 0.5–1 cm s21. Propagation along the
SAB was negligible or very slow to the west.

The most remarkable characteristics of eddy propa-
gation in this region were observed along the trenches
and their offshore flanks, where both AEs and CEs

moved poleward along the trenches at 1–2 cm s21. This
trend was observed north of approximately 378N for
AEs and north of approximately 408N for CEs and south
of 468–478N for both AEs and CEs. At 468–478N the
northeastward vectors met southwestward vectors from
the area to the northeast, and turned northwestward to
cross the deepest part of the trenches to the onshore
side, where both AEs and CEs showed southwestward

FIG. 8. As in Fig. 4, but for propagation speed (cm s21), UA, VA and UC, VC.
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propagation from the area north of 508N to about 428N
around the TWC. Farther south, east of Honshu, AEs
showed a southward propagation from the TWC along
the coast; no such trend was observed for CEs.

To further examine the above characteristics of eddy
propagation along the trenches, we investigated the
temporal variability in SSHA along the trenches (Fig. 9a),
shown with time–latitude plots of long-lived eddies
($52 wk) distributed along the trenches (Fig. 9b). North-
ward and northeastward propagation was clearly rec-
ognized for positive SSHAs, largely corresponding to
occurrences of AEs along the trenches. One of the most
prominent signals began in 1993 and reached 438N by
1998, representing the movement of the so-called WCR
93A (Mishra et al. 1999), although regenerations were not
reproduced in the present study. The propagation of neg-
ative SSHA showed much smaller amplitudes than those
of positive SSHA; relatively strong signals of negative
SSHA were found around the prominent positive signals.
The change to coastward eddy propagation at around
468N (see Fig. 8) is also apparent in SSHA variability.

Figure 10 shows the trajectories of eddies with life-
times $52 wk. Although some trajectories occurred in

the Okhotsk Sea, the passing of eddies through the straits
of the Kuril Islands is not considered in this study, as
careful confirmation is required for the employed eddy-
detection method (which assumes a quasigeostrophic
flow field) when applied to areas of strong tidal flow. The
distribution of trajectories is similar to those in Fig. 7,
which shows the proportion of eddies aged $12 wk. This
finding suggests that high PA and PC were caused by the
occurrences of long-lived eddies.

Long-distance westward propagations (typically ex-
ceeding 108 longitude) were observed in the area around
the eastern part of the KE and the northeastern area of
the WSAG, near the Aleutian Islands. Long-distance
propagation of CEs was mostly observed in the KE and
on its southern flank, while a number of AEs were found
in the areas north and south of the KE, and in the
WSAG. Poleward movements along the trenches, ex-
ceeding 38 in latitude, were found for AEs, whereas the
movements of CEs along the trenches were generally
shorter. The origins of the long-lived AEs observed
along the trenches were located slightly west of the
trenches area, especially for those along the Japan
Trench. Although we were able to identify concentrations

FIG. 9. Temporal variability in (a) SSHA (m) and (b) distribution of long-lived eddies ($52 wk) along the Japan
and Kuril–Kamchatka Trenches for the period 1993–2008. In (b), the time and latitude of eddies within 1/48 from the
trenches were plotted, and marks connected with lines for the same eddies.
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of trajectories, movement along the SAF was not as
clearly defined as that along the trenches.

2) VORTICITY AND ELEVATION FLUX

Figure 11 shows the Eulerian mean eddy fluxes of
relative vorticity anomalies and SSHAs caused by eddy
propagation. The two fluxes have a similar distribution,
although with opposite sign. We observed westward (east-
ward), eastward (westward), and southward (northward)
flux of vorticity (elevation) in zones located south and

north of the KE and around crests, respectively. Al-
though there occurred localized northward (southward)
fluxes in vorticity (elevation), their amplitude and spa-
tial extent were no larger than those of the southward
(northward) flux. Zonal integration reveals a minimum
(maximum) vorticity (elevation) flux of about 20.035
m s22 (900 m2 s21) around 358N (data not shown). While
both CEs and AEs showed poleward movement along
the offshore side of the trenches, the total flux of vorticity
(elevation) caused by the propagation was equatorward

FIG. 10. Trajectories of (a) anticyclonic and (b) cyclonic eddies with lifetimes $52 wk. Open
and solid circles indicate the start and end points of each trajectory, respectively. The deepest
part of the trenches, the SAF, and the SAB are shown by dashed lines; gray contours show the
mean dynamic height, as in Fig. 1.
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(poleward), indicating the dominant contribution of AEs.
The offshore (onshore) flux of vorticity (elevation) cor-
responding to the onshore movement of AEs was rec-
ognized around 468–478N. The fluxes along the onshore
sides of the trenches were generally weaker than those
along the offshore sides.

4. Discussion

The first part of this section (section 4a) examines the
correspondence between eddies detected in SSHA maps
and hydrographically observed WCRs and CCRs with
relatively large amplitudes. Section 4b describes the gen-
eral characteristics of mesoscale eddies in the KOER,
including decaying eddies in the area distant from the
formation region and those distributed a long way east
of Japan, where hydrographic observations were too
sparse to enable the tracking of eddies. This is the first
quantitative description of the characteristics of meso-
scale eddies in this region, which has not been resolved
in smoothed SSHA maps. Finally, section 4c considers
the implications of eddy movement patterns for heat
transport and water mass exchange.

a. Detected eddies versus WCRs and CCRs based on
hydrographic observations

While several anticyclonic WCRs (including an anti-
cyclonic gyre of the TWC and cyclonic CCRs) are usu-
ally found in subsurface temperature maps compiled for
the area east of Japan (e.g., Shimizu and Ito 1996; Ito
and Shimizu 1997), we detected an average of 75 AEs
and 80 CEs in SSHA maps of the KOER, which corre-
sponds to an increase by a factor of 2 or 3 compared with
observations from temperature maps, considering that
subsurface temperature maps generally cover 5%–10%
of the area of the KOER. The number of long-lived
eddies identified in the present study (155 AEs and 144
CEs with lifetimes $52 wk for 16 years of data) was
greater than that reported by Mizuno and White (1983),
who found 16 WCRs and 9 CCRs for 4 years of data in
the area around the KE (308–458N, 1308E–1708W, rep-
resenting an area approximately 1.5 times larger than
the KOER). Although anticyclonic CCRs (with cold but
fresh and light core waters) originating from the
Okhotsk Sea (Yasuda et al. 2000) were included in the
AEs detected from SSHA maps, the fact that these rings
were distinguished from WCRs does not explain the
above difference, as the number of anticyclonic CCRs
across the entire KOER area does not exceed the
number of WCRs.

The primary reason for this discrepancy between the
present and previous studies is the difference in the
amplitude criterion employed in detecting eddies: while

previous studies generally recognized eddies if the sub-
surface temperature amplitude was larger than the criti-
cal value of 0.58–1.08C, based on closed contour lines, the
present study required the Okubo–Weiss parameter W to
be less than the critical value of W0 5 22 3 10212 s22.
The minimum detectable SSHA amplitude of the present
and previous studies, Dhpresent and Dhprevious, respec-
tively, can be estimated as follows:

Dhpresent ;

$$$$$$$
W0

p

2

f

g
L2 (4)

and

Dhprevious ;
g9
g

Dhprevious 5
g9
g

DTprevious

›T/›z
, (5)

where f, g, g9, L, Dhprevious, ›T/›z, and DTprevious denote
the Coriolis parameter, acceleration of gravity, the re-
duced gravity, horizontal scale of the eddies, minimum
detectable vertical displacement of the isothermal sur-
faces, vertical temperature gradient in the subsurface
layer, and the temperature amplitude criterion em-
ployed in previous studies, respectively. Using typi-
cal values in the study region of f 5 1024 s21, L 5 60 km,
g9/g 5 2 3 1023, ›T/›z 5 1022 8C m21 (at 200–400-m
depth; relatively high values up to about 3 3 1022 8C m21

along the northern flank of the KE and decreasing north-
ward to become almost zero around 458N) (Conkright et al.
2002), and DTprevious 5 0.58C, we obtain Dhpresent ;
2.5 cm and Dhprevious ; 10 cm (about 3 cm in the zone
north of KE and tens of centimeters north of 408N).
Therefore, the present study detected weaker-amplitude
eddies than the previous studies using subsurface
temperature maps, especially in the areas distant from
the KE.

Considering that WCRs and CCRs defined in the
subsurface temperature maps are expected to have rel-
atively strong vorticity amplitudes, we suggest that it is
better to compare their distribution with areas of strong
mean vorticity amplitude in detected eddies (Fig. 5)
rather than with all detected eddies. The high-amplitude
zones of AEs and CEs on the northern and southern
flanks of the KE are basically consistent with the dis-
tribution of WCRs and CCRs in the areas north and
south of the KE, respectively. The extension of high-
amplitude zones of AEs along the trenches suggests the
frequent occurrence of intense WCRs, consistent with
the results of previous studies (Kitano 1975; Yasuda
et al. 1992; Mishra et al. 1999).

A high concentration of moderate-amplitude (Fig. 5a)
CEs along the trenches (Fig. 4a) is probably related to
CWAs shed from southward intrusions of the Oyashio,
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which are frequently observed, although their flow
structures are less clear than those found south of the
KE. For the TWC area, an anticyclonic gyre was clearly
detected as AEs with strong vorticity amplitude (Figs. 4a
and 5a), while cyclonic flow observed during the collapse
phase of the gyre (Yasuda et al. 1988) was detected as
a relatively weak signal (Figs. 4b and 5b). The southward
along-coast propagation of AEs is considered to be
caused by the transition from the gyre mode to the
coastal mode.

The occurrence of large-radius eddies around the KE
and along the trenches, similar to the extent of strong-
amplitude areas, can be explained if strong WCRs and
CCRs are larger than weak AEs and CEs. The obser-
vation that the area of large-radius AEs (CEs) extends
farther north (south) than the area of strong-amplitude
eddies possibly reflects the fact that strong but relatively
small-scale frontal fluctuations were included in the
detected eddies around the KE axis.

Although the strongest and largest eddies were de-
tected around the KE, a greater number of long-lived
eddies was observed in the region north of the KE (Figs. 7
and 10). As mentioned above, it is possible that some
of the long-lived eddies might have decayed from their
initial stage and were therefore ignored in subsurface
temperature maps (if their temperature amplitude was
below the typical criteria of 0.58–1.08C); however, high-
amplitude eddies and a large proportion of old eddies
were identified for AEs along the trenches, thereby in-
dicating the occurrence in this area of long-lived AEs
with large amplitudes. As is evident in Figs. 8 and 9,
these AEs showed a trend to move northward along the
trenches, consistent with previous observations of the
long-term northward movement along the trenches of
intense WCRs that originated from the KE (Hata 1974;
Yasuda et al. 1992; Mishra et al. 1999). Based on the
amplitude of AE hotspots located around 468–478N
along the Kuril–Kamchatka Trench, we infer the sig-
nificant contribution of Kuril eddies generated by out-
flows of cold Okhotsk seawater, as also suggested by
previous hydrographic observations (Rogachev 2000;
Yasuda et al. 2000).

b. Characteristics of mesoscale eddies in the KOER

Figure 12 provides a summary of the observed eddy
behavior. While large variability in SSH has been noted
for the KOER, especially around the KE (Qiu 2002),
approximately 50% of the variance is attributable to
mesoscale eddies with radii larger than the first baro-
clinic Rossby radius of deformation and with lifetimes
longer than one month. It is considered that a significant
contribution to the total variance is made by eddies with
a horizontal scale less than 1.58 and those distributed

near frontal areas (e.g., of the KE, Oyashio intrusions,
and the SAF, where deformation is likely to dominate
rotation), as this contribution is approximately twice
that calculated by C07, who conducted a 1.58 3 1.58 low-
pass filter on W maps.

The observed distribution of the mean amplitude sug-
gests that the strongest mesoscale eddies of both polari-
ties are generated along the KE: anticyclonic WCRs are
pinched off from the KE to the north as Kuroshio WCRs,
and cyclonic CCRs are formed in the area south of the jet
from troughs of the KE with core water that originated
from the area north of the KE, probably with properties
intermediate between those of the KE and the Oyashio.
The WCRs and CCRs then start moving westward due to
the planetary b effect. The fact that they do not move
eastward despite the mean eastward geostrophic flow can
be partly explained by the shear-induced b effect, which
is balanced by the geostrophic flow (van Leeuwen 2007);
however, because the KE is more complex than the
simple background flow, a detailed analysis is required to
clarify the relevant mechanism.

In the area near the western end of the KOER, the
trajectories and distributions of various properties in-
dicate a major path (along the trenches) and a minor
path (along the SAF) driving eddies poleward. Large
numbers of intense AEs that formed north of the KE are
considered to move poleward along these paths. Al-
though many CEs were also detected along these paths,
most of the strong CEs that formed south of the KE are
unlikely to be included because the KE jet lies between
the eddies and the paths. As discussed in the preceding
subsection, the origin of the CEs with relatively weak
amplitudes along these paths is likely to be the Oyashio,
which intrudes southward and often sheds CWAs. This
interpretation is consistent with the propagation char-
acteristics in the area between 378 and 408N along the
Japan Trench, where AEs showed northward propaga-
tion but CEs did not (Fig. 8), as the formation of CWAs
is related to the southward intrusions of the Oyashio.

As shown in Fig. 9, the prominent SSHA signals moving
poleward along the trenches up to 468N were caused
by AEs, supported by fluxes of vorticity and elevation
(Fig. 10). The similar movement pattern of CEs ob-
served in Fig. 8 is possibly due to CWAs that were pushed
poleward by the intense AEs or weak cyclonic features
generated by strong flows around AEs. With poleward
movement along the trenches far from the Kuroshio, the
AEs appear to lose their vorticity amplitude, as seen in the
decrease along the trenches up to about 448N (Fig. 5a),
even though the northward movement supplies negative
vorticity from the rotating earth. However, the decreasing
trend changed at around 448N, whereas AEs still showed
a mean northeastward movement.
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Taking previous hydrographic observations into ac-
count (Rogachev 2000; Yasuda et al. 2000), we suggest
that the above observation can be explained by the Kuril
eddies with cold Okhotsk seawater in their core. An-
other area of relatively large-amplitude AEs around
508N may be related to anticyclonic Kamchatka eddies
moving southwestward from the Bering Sea (Rogachev
et al. 2007). The turning of the northeastward movement
to the inshore side of the Kuril–Kamchatka Trench
around 468–478N suggests vigorous interaction between
these different types of AEs, yet the relevant processes
cannot be examined solely in terms of SSHA data. Al-
though the southwestward movement of AEs and CEs
along the inshore side of the Kuril–Kamchatka Trench is
attributable to the southwestward mean geostrophic
flow, as suggested by Isoguchi and Kawamura (2003), we
have yet to confirm the mechanism of the poleward
movement of AEs from the KE along the trenches, for
which the pseudo b effect, or the image effect, have been
proposed (Yasuda et al. 1986; Yasuda et al. 2000; Itoh
and Sugimoto 2001).

Because SAF is considered as an equivalent quasi-
stationary jet J1 proposed by Isoguchi et al. (2006), it is
possible that the poleward propagation of AEs is partly
related to the poleward transport of warm water by J1.
In contrast, elevation flux estimates indicate that net
eddy heat transport is insignificant along the SAF be-
cause the contribution of CEs was approximately equiv-
alent to that of AEs (in contrast to the situation along

the trenches). The propagation along the SAF is likely to
be related to the mean geostrophic flow, although the
propagation speed of 0.5–1 cm s21 is much less than the
flow speed, which is O(10 cm s21). While pairs of AEs
and CEs along the northern and southern side of the
SAF may drive themselves poleward, the antisymmetric
distribution of AEs and CEs cannot be confirmed from
the present analyses.

c. Implications for heat transport and water mass
exchange

Propagating eddies, which result in fluxes of various
quantities such as vorticity, heat, and nutrients, are likely
to make a significant contribution to the oceanic circu-
lation, biological production, and temporal and spatial
variability in these features. Zonal fluxes of vorticity in
areas located north and south of the KE axis, arising
from westward-propagating AEs and CEs, supply neg-
ative and positive vorticity to the western boundary,
respectively. This redistribution of vorticity may act to
amplify WCRs around the Japan Trench and lead to the
decay of the anticyclonic recirculation gyre south of KE.

Although the present study was based solely on vorti-
ces detected in SSHA maps and, although the estimated
fluxes represented only a part of the total eddy flux, it is
interesting to evaluate the fluxes and compare them with
previous studies because our technique, based on the
eddy propagation speed, is different from the conven-
tional method, based on the correlation between tem-
perature and velocity in Eulerian coordinates. In the case
for which density anomalies are solely caused by tem-
perature anomalies, the distributions of heat flux
expressed in Eq. (3) are equivalent to those of the ele-
vation flux by the factor r0Cp/aT ; 2 3 1010 J m23, with
r0 ; 103 kg m23, Cp ; 4 3 103 J kg21 K21, and aT ; 2 3
1024 K21. Using this scaling, the maximum value of
zonally integrated northward elevation flux from 1708E
to the western boundary of 900 6 250 m2 s21 at around
358N (as estimated in section 3) is equivalent to a
northward heat transport of 0.018 (60.0005) PW. This
is corrected to 0.02–0.03 PW based on the positive re-
lationship between temperature and salinity anomalies
in the upper layer of this zone (Suga and Hanawa 1990;
Yasuda et al. 1996). Regarding the contribution of the
eastern North Pacific, we suggest that the poleward heat
flux caused by the movement of eddies is comparable to
the total poleward eddy heat flux, including the contri-
bution of noneddy (nonvortex) variability, which was
recently estimated to be about 0.1 PW around 308–408N
based on an ocean general circulation model (Jayne and
Marotzke 2002) and analyses of Argo, satellite sea sur-
face temperature, and satellite altimeter data (Qiu and
Chen 2005).

FIG. 12. Schematic summary of the behavior of mesoscale eddies
in the KOER. Thin dashed arrows indicate movement directions.
Flows of the Oyashio and the KE, the SAF, and the SAB are shown
by solid gray lines; the deepest part of the Japan and Kuril–
Kamchatka Trenches is depicted by a dashed gray line. WCR,
CCR, KE, SAF, SAB, and TWC represent warm-core ring, cold-
core ring, the Kuroshio Extension, Subarctic Front, subarctic
boundary, and the Tsugaru Warm Current, respectively.
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While heat transport can occur by both eddies and
noneddy fluctuations, significant material transport only
occurs via the movement of intense eddies that trap
water within their core. Long-distance poleward move-
ments of intense WCRs along the trenches are therefore
considered to play an important role in the exchange of
salinity and nutrients between the subtropical and
western subarctic gyres.
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