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ABSTRACT
Trajectories of Argo floats deployed in the East/Japan Sea from 2001 to 2014 reveal that the middepth gyral
circulation pattern of the Japan basin, the central part of the East/Japan Sea, undergoes a seasonal variation. The
middepth circulation of the Japan basin is found to be characterized usually by the gyres trapped to the east of the
Bogorov Rise (E-gyres) and those extending farther westward into the whole basin (BW-gyres). The E-gyre trajectories are generally associated with the turning of the floats toward deeper regions off the isobaths. This occurs in
winter either on the northern or eastern side of the eastern Japan basin. It seems that the upstream part of the
otherwise BW-gyre is subject to a strong negative wind stress curl in winter, and there the circulating water columns
are driven toward the deeper region, thus triggering the formation of the E-gyre. The topographic effect associated
with the Bogorov Rise seems to interfere thereafter in the process of determining the passage of the E-gyre. Otherwise, the water columns continue to flow along the isobaths, hence maintaining the BW-gyre. To the knowledge of
the authors, this is the first observational evidence of seasonal variability in the middepth gyral circulation pattern in
the East/Japan Sea. It suggests that oceanic middepth circulation, usually known to be quasi steady or slowly varying
on climatological time scales, might also undergo a significant seasonal variation as it does in the East/Japan Sea.

1. Introduction
The East/Japan Sea (EJS) is an almost landlocked sea,
without the exchange of intermediate and deep waters
with the surrounding open oceans (Gamo et al. 1986).
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However, the EJS is often compared to a miniature
ocean (Gamo 1999): it has both a subtropical-like and a
subpolar-like region separated by a subpolar front. In the
former, the surface current is anticyclonic, driven by an
inflow and outflow, and is western intensified, whereas in
the latter, the surface current is cyclonic with wintertime
deep convection that is known to have been affected by
recent global warming (Kim et al. 2001). Bottom water
formation (Kim et al. 2002; Talley et al. 2003) in 2000/01
was reported to have taken place, but the corresponding
thermohaline ‘‘conveyor belt system’’ has slowed down
since the mid-1980s (Gamo 1999). On the other hand, the
intermediate and central water masses have been more
actively formed in wintertime, increasing their volumes in
the EJS (Kim et al. 2004).
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The upper part (generally shallower than 200 m) of the
East/Japan Sea can be divided into a warm region to the
south and a cold region to the north. The warm region is
occupied by the warm Tsushima Current Water originating from the Kuroshio and entering the basin through the
inlet located on the southern part of the basin and flowing
out through the outlets located on the northeastern part of
the basin. The cold region is not covered by the Tsushima
Current Water and is separated from the warm region by a
subpolar front. In the warm region, there is a strong
stratification between the upper layer occupied by the
Tsushima Current Water and the lower layer underlying it.
The lower layer is generally divided into the intermediate
(or middepth) and deep layers. However, the water density and current are known to vary very little throughout
the whole lower layer (Kim et al. 2004; Chang et al. 2004).
There is an indication that the currents in the lower layer of
the warm region do not undergo a significant seasonal
variation (Mitchell et al. 2005). In the cold region, where
stratification is much weaker than in the warm region, the
current is expected to be largely barotropic in the middepth and deep layers, especially in winter.
Many attempts have been made to understand the middepth circulation of the EJS (Danchenkov et al. 2003;
Takematsu et al. 1999; Yoshikawa et al. 1999; Hogan and
Hurlburt 2000; Yanagimoto and Taira 2003; Danchenkov
et al. 2006; Choi and Yoon 2010; Choi 2015; Park et al. 2015).
Generally, they show that it is cyclonic and flows along the
isobaths. However, many questions still remain unanswered.
Among others, it is quite interesting to know whether the
middepth or deep circulation pattern undergoes a seasonal
variation. In the warm region, the middepth or deep circulation does not seem to undergo a seasonal variation as
described above. However, this may not be the case for the
cold region because it has weaker stratification and stronger
wind forcing. Analyzing the seasonal behavior of the middepth or deep circulation has now become possible because
of 15 yr of Argo float data.
In this study, we use autonomous quasi-Lagrangian float
trajectories to show that the middepth gyral circulation of the
EJS can be classified into two patterns: one occupying the
whole central basin and the other occupying only the eastern
Japan basin (EJB). There is an indication that the latter is
probably driven by negative wind stress curl prevailing in the
northern/eastern part of the eastern Japan basin. The results
of this study suggest that oceanic middepth gyral circulation,
usually known to be quasi-steady or varying slowly on climatological time scales (Bower et al. 2002, 2009; Lavender et
al. 2000), might also change its pattern seasonally.

2. Data and methods
The detailed descriptions of Argo and wind data used
in this study are given as follows.
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FIG. 1. Trajectories of the selected nine floats presented in different colors. Eight floats are deployed in the UB, with one in the
eastern location of Primorye, and the deployment locations are
marked with stars. See Table 1 for more details on the nine floats.

a. Argo data
The compiled Argo float data were obtained from
the Global Data Assembly Center (GDAC; ftp://ftp.
ifremer.fr/ifremer/argo/) (Roemmich et al. 2009; Freeland
et al. 2010). From 2001 to 2014, nearly 150 Argo floats
have been deployed at depths of 700–800 m in the EJS,
mostly around the Ulleung basin (UB), and they have
subsequently moved around the whole EJS basin
(Fig. 1). Most of the deployed Argo floats survived for
36–60 months, with some of them still active, and moved
northward and penetrated into the Japan basin. Argo
floats occupy the depths 700–800 m. Hence, the corresponding trajectories may represent the middepth or
deep circulation because, as noted earlier, the whole
water column below the upper layer (;200 m) is nearly
barotropic in the cold region (Kim et al. 2001; Chang
et al. 2004). Since we are interested in the circulation
within the JB, only those seven floats that have traveled
sufficient distances within the JB are selected (Table 1).
Each of these nine floats shows very complicated trajectories of various length scales (Fig. 1), indicating that the
middepth circulation of the JB can be characterized by
cyclonic gyres of various sizes. A very interesting point is
that the gyres are quite often trapped to the east of the
Bogorov Rise off Primorye (see Fig. 2 for location), which
otherwise extend westward on various scales. Additionally, the Autonomous Profiling Explorer (APEX) float
data obtained from 2000 to 2004 (Danchenkov et al.
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TABLE 1. Argo data details used for analysis.

Buoy
number

Organization

Start date

Start position

End date

End position

Deployed
depth (m)

Status
(December 2014)

2900205
2900452
2900914
2900922
2900440
2900527
2900901
2901232
2901356

KORDI
KORDI
KORDI
KORDI
KMA
KMA
KMA
KMA
AOML

22 Sep 2002
17 Oct 2004
19 Sep 2007
19 Sep 2007
28 Nov 2004
20 Sep 2005
27 May 2008
11 Jul 2010
15 Oct 2009

35.9088N, 129.9728E
36.5118N, 130.6158E
38.5878N, 130.8498E
38.5718N, 130.8148E
38.0868N, 130.1608E
37.7298N, 130.1718E
38.0208N, 130.7558E
36.5198N, 131.1968E
44.1728N, 137.2818E

27 Dec 2014
24 Dec 2014
18 Sep 2011
31 Dec 2014
20 Apr 2014
26 Apr 2013
01 Jul 2014
18 Sep 2013
18 Sep 2010

42.2028N, 135.0298E
40.7828N, 135.5378E
43.3218N, 139.8568E
36.7978N, 132.1558E
43.1168N, 138.4388E
42.5938N, 139.5778E
41.4868N, 132.9518E
42.2148N, 137.5468E
42.6088N, 137.7308E

700
700
700
721
800
800
800
800
1000

Active
Active
Inactive
Active
Inactive
Inactive
Inactive
Inactive
Inactive

2003) were also used in constructing the time series that
measures the relative strength of the trapping gyres, as
will be presented shortly.

b. Wind data
Wind data are also needed because the observed circulations may be related to the wind stress field. For this
purpose, climatological wind stress curl (Fig. A1) is obtained using the Scatterometer Climatology of Ocean
Winds (SCOW; ftp://numbat.coas.oregonstate.edu/pub/
scow/) data based on 10 yr (September 1999–October
2009) of QuikSCAT scatterometer measurements. On
the other hand, the time series of wind stress curl is obtained using QuikSCAT (ftp://ftp.ifremer.fr/ifremer/cersat/
products/gridded/MWF/L3/QuikSCAT/Monthly/) and Advanced Scatterometer (ASCAT; ftp://ftp.ifremer.fr/ifremer/
cersat/products/gridded/MWF/L3/ASCAT/Monthly/) data.
QuikSCAT data are for the period from 2000 to 2007, and
ASCAT data are for the period from 2008 to 2014. ASCAT
data are also used to check the magnitude of the wind stress
curl during March and April (Fig. A2a) and during November and December 2013 (Fig. A2b). More details on the
wind data are described in the appendix.
Finally, a special comment may be needed about
possible errors in estimating the middepth circulation
using the Argo float trajectories. The estimated circulations are inevitably affected by surface currents, while the
floats periodically move up and down between the middepth and the surface, thereby contaminating the quality
of estimation. This problem, however, is not considered
to be serious for the following reasons: First, the average
time period of staying above the middepth for each float
is about 6 h (Park et al. 2005), which is only 10% of the
total floating period (Fig. B1). Second, the currents in this
region are known to be nearly barotropic.

3. Results
As noted earlier, the trajectories of the nine floats
indicate that the middepth circulation in the JB can

generally be characterized by the gyres trapped to the
east of the Bogorov Rise, referred to as ‘‘E-gyres’’
(Fig. 2b), and those extending farther westward into the
whole basin, referred to as ‘‘BW-gyres’’ (Fig. 2a). The
BW-gyres can generally be considered to have length
scales on the order of the basin scale and complete their
circulations in about 430–970 days. The E-gyres have
length scales of 100–400 km and time scales of 180–
420 days. It is interesting to note that the smaller-scale
E-gyres tend to be centered to the south compared with
the larger-scale E-gyres (Fig. 1).

a. BW-gyre in central basin of the East/Japan Sea
The trajectories of six BW-gyres (Fig. 2a) show the
circulation over the whole basin. Most of the BW-gyres
(floats 1–5) show that they pass through the northern
EJB during times other than winter. Float 1, traveling
northward, arrives at its northernmost position of 43.88N
in August 2008, moves westward/southwestward during
autumn months in the northern EJB, and continues to
move southwestward during November to January 2009.
Finally, in January and February 2009, it moves southward off Vladivostok. Float 2 arrives at its northernmost
position of 43.78N in March 2010 and then moves
southwestward along isobaths in the northern EJB from
March to May 2010. Finally, it arrives at a location off
Vladivostok and turns southward there. Float 3 arrives
at its northernmost position of 43.78N in March 2010 and
then moves southwestward along isobaths in the northern EJB from March to June 2010, arrives at a location
off Vladivostok during autumn, and turns southward
there in January 2011. Float 4 arrives at its northernmost
position of 43.58N in late June 2011, moves westward
roughly along the 3600-m isobath in the northern EJB
during July and August, and then continues to move
southwestward during August and September 2011 before it arrives between Vladivostok and Primorye. Float
5 arrives at its northernmost position of 43.68N in early
May 2010, moves southwestward during May and June
along the 3600-m isobath in northern EJB, and then
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keeps moving southwestward during August 2010 before it reaches 1348E between Vladivostok and Primorye. All these floats are seen to move along
isobaths, especially when they are in the northern part
of the EJB.
Float 6 is an exception in that it passes through the
northern EJB in winter. A close examination indicates
that it slightly crosses isobaths in the northern EJB,
while floats 1–5 follow the isobaths there. For example,
float 6 arrives at its northernmost position of 44.08N
in September 2013, moves southwestward across the
3000-m isobath in October, crosses the 3500-m isobath
in November and finally moves across the 3600-m isobath in December. Afterward, it meets the northwestern
slope of the Bogorov Rise, follows the western side of
the Bogorov Rise, and finally joins to the BW-gyre. The
cross-isobathic movement toward deeper regions is
likely due to negative wind stress curl, as will be explained later. Also, it will become clear shortly that the
float 6 trajectory would form an E-gyre if the negative
wind stress curl were sufficiently strong.
The BW-gyre trajectories shown above look very
similar to various numerical model results obtained with
annual mean or seasonal wind (Hogan and Hurlburt
2000; Yoshikawa 2012; Park et al. 2015; Choi 2015).

b. E-gyre

FIG. 2. (a) Trajectories of Argo floats associated with the BWgyre. The starting point of each trajectory is marked with a large,
solid circle and the end point is marked with a triangle. Floats are
the circled numbers 1 through 6, and numerals corresponding to
year and month are marked along the trajectory of each float. The
same notations are used in following figures. (b) Trajectories of
Argo floats associated with the first E-gyre group. They turn toward deeper regions off the isobaths on the northern edge of the
EJB north of 438N. Floats are numbered from 1 to 6. (c) As in
Fig. 2b, but for the second E-gyre group. They (floats 7–10) turn
toward deeper regions off the isobaths on the eastern side of the
EJB roughly between 42.58 and 438N. Note that the region of
negative wind stress curl reaches far offshore (1388–139.58E) in
November (Fig. A1).

Trajectories in the JB also show shorter-scale gyres
mostly centered in the EJB, as shown in Fig. 1. The
presence of the E-gyre has already been remarked by
Choi and Yoon (2010) but has not been rigorously
discussed. To examine the behavior of E-gyres more
closely, the corresponding trajectories made by 10
floats are shown. For visual convenience, they are
separated into two groups (Figs. 2b,c). The first group
(floats 1–6) consists of midsize gyres generally extending to the north of 438N and nearly occupying the
whole EJB. The second group (floats 7–10) consists of
small gyres occupying the southern EJB with a limited
northward extension.
In general, the E-gyre floats in the first group are
around their northernmost position in winter. Float 1
traveling southward arrives at the 3000-m isobath in early
December 2009 and keeps moving southward during
December 2009, traveling east of Bogorov Rise during
January 2010. Float 2 arrives at its northernmost position
of 43.78N in mid-November 2011 and then crosses the
isobaths southward during December 2011 and January
2012. Float 3 arrives at its northernmost position of
43.48N in late-February 2013, moving slightly southward
during March and April and then moving rapidly southward during May. Float 4 arrives at its northernmost
position of 43.38N in mid-November 2012, after crossing
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isobaths, and then moves southwestward during December 2012 along the eastern side of Bogorov Rise.
Float 5, traveling northwestward, arrives at its
northernmost position of 42.98N in late December
2010, moves southward during January and February
2011, and then begins moving eastward during midFebruary, forming the smallest E-gyre. After completing this gyral circulation, this float continues to
move, forming a different type of trajectory that, for
convenience, is named float 6. Unlike the other
E-gyres in the first group, however, float 6 happens to
arrive at its northernmost position of 438N in early
August 2011, not in winter. Afterward, it travels
southward following isobaths during October 2011 to
February 2012 and forming a larger E-gyre. It seems
that float 6 has been already trapped deep inside the
basin before it begins its gyral motion and hence does
not need to follow the isobaths.
The floats (7, 9, and 10) in the second group generally
tend to turn toward deeper regions off the isobaths in
early winter around November. Float 7 moves along
isobaths in the eastern EJB during September and October 2013, turns westward into deeper regions off the
3600-m isobath at 42.88N in early November 2013,
travels farther westward in December, and turns
southward in January 2014 before completing its E-gyre.
Float 8 is an exception in that it moves along the isobaths
in the eastern EJB, turns westward into deeper regions
during late March and April 2013, reaches its northernmost position, travels westward, and then moves
southward after showing a small cyclonic loop during
June and July. In general, the turning of floats into
deeper regions off the isobaths is associated with negative stress curl. In fact, the exceptional behavior of float
8 seems to be due to an unusual development of negative
wind stress curl in the early spring of 2013 (see Fig. A2a
in comparison with the climatological wind stress curl in
Fig. A1). Float 9, after crossing the 3600-m isobaths in
the eastern EJB in early November 2012, arrives at its
northernmost position of 42.88N in mid-December and
then flows southwestward during December and January 2013, forming an E-gyre. Float 10, after crossing the
3600-m isobath at 42.38N in the eastern EJB in early
November 2004, arrives at its northernmost position of
42.98N in mid-December 2004, moves southwestward
during January 2005, and goes southward during February 2005. The climatological wind stress curl in November (Fig. A1) shows that the region of negative wind
stress curl reaches far offshore, extending to 1388–
139.58E, probably triggering the formation of the second
group of E-gyres in early winter.
Overall, the formation of the E-gyres seems to be
correlated with negative wind stress curl in winter. In
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fact, as described in the next section, negative wind
stress curl may effectively push the water column into
deeper regions and across isobaths, triggering the formation of an E-gyre. In the absence of the wind stress
curl, the middepth circulation would extend westward,
following the isobaths, into the whole basin, hence
maintaining the BW-gyre rather than the E-gyre. Note
that the middepth circulation of the JB has been traditionally known to take place over the whole basin, similar
to the BW-gyre defined here, with currents generally
following the isobaths (Hogan and Hurlburt 2000; Park
et al. 2005; Choi and Yoon 2010; Park and Kim 2013).
Figures 3a and 3b show quasi-Eulerian current vectors
obtained from all the floats present during summer and
winter, respectively. It is seen that in summer, there is a
strong along-isobathic flow through the region 41.58–
42.58N, 1348–1368E, referred to as region PS (Fig. 3a),
whereas in winter, there is a strong southward flow
through the region 428–438N, 1368–1378E, referred to as
region PW (Fig. 3b). An exception is that westward
currents are present in region PS in winter (yellow
vectors in Fig. 3b). This seems to be because the wind
stress curl in this region was weaker in November and
December 2013 (Fig. A2b) than the climatological average (Fig. 4). An exception present in region PW in
summer (red vectors in Fig. 3a) is related to float 6 of the
BW-gyre due to the trapped motion inside the basin in
summer, as discussed in the BW-gyre.

4. Discussion
An interesting question that arises is why the flow
changes its direction, from along isobathic to cross isobathic, in winter. It is likely that wind forcing plays an
important role in this process, either wind stress itself or
its curl. To answer this question, trajectories of the
E-gyre (from Figs. 2b,c) are overlaid with the horizontal
fields of climatological winter wind stress and its curl
(Fig. 4). The dipole pattern of wind stress curl in the
northern EJS, which has already been known to be due
to orographic effects (Yoon et al. 2005), is evident. In the
region of the E-gyres, no apparent relationship can be
found between wind drag and trajectories. Instead, the
turning of flow direction inherent to the E-gyre of the
first group seems to take place in the region of negative
stress curl, referred to as region WF (rectangular area
off Primorye in Fig. 4). For the E-gyres in the second
group, the turning occurs earlier around November on
the eastern side of the EJB. The presence and location of
negative wind stress curl at this time of year is not clear
in the seasonal-mean wind field (Fig. 4) but can be seen
in the monthly mean November wind field (Fig. A1). It is
not quite clear whether similar processes occur in the
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FIG. 3. Quasi-Eulerian vectors obtained from Argo data for (a) summer (June to September)
and (b) winter (December to March). Strong along-isobathic currents are present in region PS
in summer, whereas strong southward currents are present in the region PW in winter. Red
(yellow) vectors indicate the exceptional trajectory associated with float 6 of E-gyre (float 6 of
BW-gyre), as explained in the text.

region farther west. However, in the region around 418–
428N, 1328–1348E, cross-isobath movements appear to
be stronger in winter than in summer (cf. Figs. 3a and
3b). The fact that stress curl is more related to circulation than stress itself may be further supported by the
following considerations. First, the Ekman depth does
not usually extend downward beyond a few hundred
meters, and second, the water column is strongly subjected to the Coriolis’ effect. Assume that (i) the ocean is
nearly barotropic, (ii) wind stress dominates over the
bottom frictional stress, and (iii) the topographic beta
effect is locally much larger than the planetary beta effect. Then, negative wind stress curl drives water

columns toward regions of smaller background potential
vorticity and vice versa. In the study area, the geostrophic contours generally run in the same direction as
the isobaths, that is, roughly in the east–west direction
on the northern side and north–south direction on the
eastern side. Hence, one can expect that water columns
flowing westward (northward) north of the region PW
(on the eastern side of the EJB) in winter are driven
southward (westward) toward deeper regions by negative wind stress curl. It seems that a topographic effect
might interfere thereafter in the process of determining
the passage of the E-gyre because, for the E-gyres in the
first group, floats usually go along the eastern side of the
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FIG. 4. Wind stress vectors (arrows) and wind stress curl (colored shading) in winter
(November–February) overlaid with the trajectories associated with the E-gyre (Figs. 2b and
2c). In region WF (the rectangular area off Primorye), negative wind stress curl is presumed to
drive water columns toward deeper regions, hence enhancing the E-gyre. Note that the distribution of wind stress curl in November is somewhat different from the winter average, especially on the eastern side of the EJB (1388–139.58E), as seen in Fig. A1.

Bogorov Rise, that is, through the region PW. The circulation patterns in spring and fall are similar to those in
summer (Fig. 3a), although they are not presented here.
Consider now the floats passing through the region
WF. Many of them, including the nine floats considered
earlier (Table 1), make trajectories that can be classified into either BW- or E-gyres or others that do not
make any gyral shape trajectories. On the other hand,
recalling the important role played by wind stress curl in
region WF, it is expected that the floats found in region
WF in winter will later trace out E-gyre trajectories,
while those found in the same region in other seasons
will later trace out BW-gyre trajectories. In other words,
the time when floats are found in region WF, referred to
as ‘‘time of occurrence,’’ may subsequently determine
the type of trajectories they make. This presumption can
be checked by investigating the time of occurrence of
each float found in region WF and the type of trajectory
it subsequently makes. The time of occurrence and the
type of trajectory thus obtained are marked along a time
series plot of wind stress curl averaged over the region
WF (Fig. 5). In obtaining these values, the data from
2000 to 2004 are adopted from a previous work
(Danchenkov et al. 2003), and those floats whose trajectories do not show any clear gyral shape are excluded.
Indeed, there is a tendency that the floats found in the
region WF in winter are subject to a strong negative
wind stress curl and subsequently trace out E-gyre

trajectories. Those found in WF in other seasons, trace
out BW-gyres. The above explanation applies more to
E-gyres in the first group of floats. For the second group,
the same explanation can be applied. In the eastern part
of the EJB, the water column is driven westward toward
deeper regions by a negative wind stress curl, which
otherwise continues to move northward along isobaths
to form BW-gyres.

5. Concluding remarks
Trajectories of Argo floats deployed at depths of 700–
800 m in the EJS from 2001 to 2014 reveal that the
middepth gyral circulation pattern of the JB undergoes a
seasonal variation. The middepth circulation can usually
be characterized by the gyres trapped to the east of the
Bogorov Rise, referred to as E-gyres, and those extending
farther westward into the whole basin, referred to as BWgyres. The E-gyre trajectories are generally associated
with the turning of the floats toward deeper regions off
the isobaths. This occurs in winter either on the northern
or eastern side of the eastern Japan basin. It seems that in
the upstream part of the otherwise BW-gyre, a strong
negative wind stress curl drives the circulating water
columns toward deeper regions, triggering the formation
of the E-gyre. The topographic effect caused by the
Bogorov Rise seems to interfere thereafter in the process
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FIG. 5. Time of occurrence of each float found in region WF (dots in red and blue) marked along the time series plot of wind stress curl
averaged over the region WF. They subsequently trace out a trajectory of type BW-gyre (blue) or E-gyre (red).

of determining the passage of an E-gyre. Otherwise, the
water columns continue to flow along the isobaths,
hence maintaining the BW-gyre. To our knowledge,
this may be the first report of seasonal variability of
middepth gyral circulation pattern. This result suggests
that oceanic middepth circulations, usually known to be
quasi steady or varying slowly on climatological time
scales, might also undergo significant seasonal variations
as in the EJB.
Although it is evident that the middepth circulation
undergoes a seasonal variation in the JB, the dynamics
of how wind enhances the E-gyre and how the topographic effect associated with the Bogorov Rise interferes thereafter in the process of determining the passage
of the E-gyre are not clearly understood. Direct field

measurements, including the mooring of current meters
at the locations of interest, together with further float
tracking may help to resolve this problem. It is quite
unfortunate that there has not been any numerical model
result supporting the seasonal variation of the middepth
gyral circulation pattern found in this study. It is quite
probable that there are still some processes, like the
formation of the E-gyres considered here, that are too
complicated to be reproduced accurately by numerical
models. Perhaps, the dynamics may involve various interactions among the eddy, topography, mean current,
and even wind forcing.
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FIG. A1. Climatological monthly mean wind stress curl from SCOW in the East/Japan Sea. During winter, the wind stress curl patterns are
very similar to each other, with a dipole pattern in the northern EJS. The patterns are altogether different and weaker in other seasons.
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FIG. A2. The 2-month mean wind stress curl during (a) March and April and (b) November
and December in 2013 in the East/Japan Sea. Fig. A2a shows the presence of obvious negative
wind stress curl region (428N, 139.58E; yellow circled region) in early spring. During November
and December, the negative wind stress curl is weak, south of Primorye (Fig. 1; yellow circled
region), compared with that of Fig. 4.
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APPENDIX A
Climatological and Time Series Wind Data
a. Climatology data of ocean winds (SCOW)
The SCOW data are based on 10 yr (September 1999–
October 2009) of QuikSCAT scatterometer data. Monthly
wind stress curl data from these data are presented in
Fig. A1 from January to December. Winter wind stress
curl (Fig. 4) is averaged for the three winter months
(December to February).

b. Quick Scatterometer
The Quick Scatterometer (a SeaWinds instrument
placed in orbit quickly) was launched in June 1999 and
operated until November 2009. QuikSCAT provided
measurements of wind speed and direction referenced
to 10 m above the sea surface at a spatial resolution of
25 km (operator: NASA/JPL; FTP: ftp://ftp.ifremer.fr/
ifremer/cersat/products/gridded/MWF/L3/QuikSCAT/
Monthly/).

c. Advanced Scatterometer
Gridded monthly wind fields have been estimated
over the global ocean for the period of April 2007 to the
present. ASCAT wind fields are estimated as equivalent
to neutral stability 10-m daily winds and have spatial
resolutions of 0.258 in longitude and latitude. The
2-month (March and April 2013) means of the wind
stress curl in EJS are also presented in Fig. A2a, along
with 2-month mean wind stress curl data (Fig. A2b)
during November and December 2013 (FTP: ftp://ftp.
ifremer.fr/ifremer/cersat/products/gridded/MWF/L3/
ASCAT/Monthly/.)
QuikSCAT data were used for 2000 to 2007, and
ASCAT data were used for 2008 to 2014.
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FIG. B1. The track of float 2900440 showing all locations between
28 Nov 2004 and 26 May 2013, with yellow points representing at
surface locations during its communication with satellites. The
surface drifting effect on middepth circulation is seen to be minor,
even though this is the most extreme surface drifting case.

APPENDIX B
Surface Drifting Distance
The mean duration of the Argo floats at the sea surface
is about 4.5–6.5 h (4–6 h for the communication with satellites and 0.5 h of unknown surface drift). All the drifting
locations in the surface are plotted in Fig. B1, which
demonstrates their negligible effect on the pattern of each
gyre track. Thus, such an effect is too small to change the
middepth circulation patterns.
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