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[1] The surface current of the Kuroshio recirculation region in the East China Sea is
investigated. The surface currents in the west of Okinawa Island observed by HF radars
and the assimilation results of the Japan Coastal Ocean Predictability Experiment
(JCOPE) are analyzed. It appeared that currents in the easternmost edge of the Kuroshio
bifurcate southward and flow into the west of Okinawa Island from JCOPE data. The
currents are called Kuroshio southward recirculation currents. The currents are controlled
by the bottom topography. The wind stress curl in the area where the bifurcated

current can be seen in JCOPE data is negative, while the curl is positive in the eastern
portion of the Kuroshio. The Kuroshio southward recirculation currents are sometimes
enhanced, and their enhancement coincides with that of the positive and negative wind

stress curls.

Citation:
J. Geophys. Res., 114, C06013, doi:10.1029/2008JC004943.

1. Introduction

[2] Western boundary currents such as the Kuroshio and
Gulf Stream often affect the coastal areas west of the
currents. There are studies that observed the coastal areas
west of the Kuroshio. For example, temporal enhancement
of the surface current from the Kuroshio region to the coast
is observed [e.g., Takeoka et al., 1995; Hinata et al., 2005].
On the other hand, studies that observed the coastal currents
in the recirculation region east of the Kuroshio are scarce.

[3] The Okinawa Island is located east of the Kuroshio,
and the waters west of Okinawa Island may be affected by it
(Figure 1). However, observational studies of the physical
oceanography west of Okinawa Island are quite a few and
limited to the sea surface temperature (SST) [Nadaoka et
al., 2001; Yanagi et al., 2002], with the exception. One of
the exceptions is the hydrographic observation along PN
line by Japan Meteorological Agency (JMA).

[4] Hydrographic data have been observed quarterly by
the JMA along the PN line across the Kuroshio in the
central East China Sea (ECS) from 30°N, 124.5°E to
27.5°N, 128.25°E over 30 years. The surface geostrophic
velocity across the PN line shows a southwest geostrophic
velocity component to the east of the Kuroshio [e.g., Yuan et
al., 1994; Oka and Kawabe, 1998; Liu and Yuan, 1999].

[5] Nitani [1972] suggested the presence of the south-
westward currents in this region from shipboard GEK and
hydrographic data. However, the current data are scarce,

"Department of Physics and Earth Sciences, University of the Ryukyus,
Nishihara, Japan.
*Now at Seiki, Kyoto, Japan.

Copyright 2009 by the American Geophysical Union.
0148-0227/09/20081C004943$09.00

C06013

Hisaki, Y., and C. Imadu (2009), Southward recirculation of the East China Sea Kuroshio west of Okinawa Island,

and the surface current field in this area is not well known.
In fact, the presence of the southwestward currents in this
area cannot be seen in surface mean currents in the ECS
derived from GEK data by Qiu and Imasato [1990]. The
previous studies have only shown the southwestward cur-
rent component in the region. The questions raised here are
as follows: How is the spatial variability of the current field
to the east of the Kuroshio in the west of the Okinawa and
its relationship with bottom topography? How is the tem-
poral variability of the current field in this area and its
relationship with other atmospheric or oceanic variables?
Continuous observation of ocean currents at various points
is required to reveal the temporal and spatial variability of
the current field in this area.

[6] The objective of the study was to reveal the surface
current field west of Okinawa Island, and to consider its
relation to both the Kuroshio and the wind field. We
analyzed ocean surface currents observed by HF ocean
radars. HF ocean radar is used to measure ocean surface
currents [e.g., Barrick et al., 1977; Prandle and Ryder,
1985; Takeoka et al., 1995; Hisaki et al., 2001; Hisaki and
Naruke, 2003] and surface waves [e.g., Hisaki, 1996, 2002,
2004, 2005, 2006] over broad spatial areas. The method is
to radiate high-frequency radio waves and analyze the
backscattered signals from the ocean. HF ocean radar is
useful to investigate the spatial variability of the surface
currents. For example, Takeoka et al. [1995] was the first to
use HF ocean radars to detect intrusion of the western
boundary current (Kuroshio). The intrusion of the Gulf
Stream has also been detected by HF radars [Marmorino
et al., 1998].

[7] In section 2, we describe the observations by HF
radars, in situ data, and other remotely sensed data. The
Japan Coastal Ocean Predictability Experiment (JCOPE)
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Figure 1. Study area and JCOPE surface currents (section
2.2) on 2 January 2003.

assimilation data are also described in section 2. The results
from HF radars, in situ data, and other remotely sensed data
are presented in section 3, and an analysis of the assimilated
data is presented in section 4. A possible scenario for the
results is presented in section 5. Section 6 presents our
conclusions.

2. Observation
2.1. HF Ocean Radar

[8] Surface currents observed by HF ocean radars were
obtained from May to July in 1999, and October to
December in 1999. The HF ocean radars of Okinawa Radio
Observatory, Communications Research Laboratory
(Okinawa Subtropical Environment Remote-Sensing Cen-
ter, National Institute of Information and Communications
Technology) were deployed along the west coast of
Okinawa Island. The radio frequency was 24.5 MHz. The
radial velocities are sampled on polar grid points with the
origin at the radar position. The temporal resolution of
the radar system is 2 h. The radar was of the beam-forming
type, with the beam forming electronically controlled by a
phase shifter in real time. The beam step was 7.5°. The
range resolution of the radar was 1.5 km. The currents were
spatially and temporally interpolated to 1.5 km regular grid
points. Details of the HF ocean radar system are described
by Hisaki et al. [2001].

[9] The radars were located at site A (26° 22" 48”N, 127°
43’ 49"E) and site B (26° 09" 40”N, 127° 39’ 18”E) in 1999
(Figure 2a). The radars were located at site A (26° 34’ 34"N,
127° 13’ 11”E) and site B (26° 22’ 48"N, 127° 43’ 49”E) in
2000 (Figure 2b). Site A in 2000 (Figure 2b) is on Aguni
Island, while other radar sites are on Okinawa Island. In
1999 the beam directions were from 193.5°T to 283.5°T for
radar A and from 240°T to 330°T for radar B with a 7.5°
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step. In 2000 the beam directions were from 129.5°T to
212°T for radar A and from 199°T to 281.5°T for radar B.

[10] The analysis periods were from 25 May to 8 July in
1999 and 10 October to 20 November in 2000. Some data
are missing because of troubles with the radar system. For
example, there were no data collected from 2 JST 27 May to
16 JST 27 May in 1999 and from 22 JST 27 October to
18 JST 30 October in 2000.

[11] The HF radar-estimated currents were compared with
the currents measured by the current meter described by
Hisaki et al. [2001]. The correlation coefficients were
greater than 0.85 and the root-mean-square difference of
velocity components between the sensors was about
10 cm s~ [Hisaki et al., 2001]. Therefore, we can consider
that the HF ocean radar-estimated currents are sufficiently
accurate for our purposes. The results from HF radar
observations were also confirmed by the data assimilation
results.

2.2. Other Data

[12] We also used daily averaged SST data from the
TRMM (Tropical Rainfall Measurement Mission) Micro-
wave Imager. The spatial resolution of SST from the TMI
(TRMM Microwave Imager) was 0.25° x 0.25° [e.g.,
Shibata et al., 1999]. The TMI SST data had less degrada-
tion from clouds than the NOAA/AVHRR SST data. The
TMI SST data was compared with that from in situ
observations. The correlation was about 0.98 and the root-
mean-square difference between them was about 0.8°C
[e.g., Hisaki et al., 2001].

[13] The HF ocean radar observations are limited in both
spatial coverage and period. We also used the data assim-
ilation results of the Japan Coastal Ocean Predictability
Experiment (JCOPE) from 2003 to 2005. The JCOPE data
from 1999 and 2000 are unavailable. Altimetric surface
heights, SST from satellites and in situ observation data
from GTSPP (Global Temperature-Salinity Profile Program,
available at http://www.nodc.noaa.gov/GTSPP/gtspp-
home.html) are incorporated into the assimilation system.
A summary of the assimilation method is given by
Miyazawa and Yamagata [2003] (available at http://
www.jamstec.go.jp/frcgc/jcope/htdocs/jcope_system
description.html).

[14] The horizontal resolution was 1/12° with 45 sigma
levels. The ocean model is based on the Princeton Ocean
Model (POM). The ocean model is described by Miyazawa
et al. [2004]. Incremental Analysis Updates (IAU) devel-
oped by Bloom et al. [1996] were used to incorporate the
data into the model. The IAU analysis of the JCOPE data is
done within a 7-day window, while the IAU analysis cycle
of Bloom et al. [1996] is 6 h.

[15] The ocean data are created on grid points using
optimal interpolation at 7-day intervals. The assimilation
data prior to 3.5 days at the interpolation time were used as
initial data. These data were obtained in the previous cycle
of the IAU. The prognostic equations, which are based on
the POM, were integrated over 3.5 days from the initial
data. The differences between optimally interpolated data
and model-predicted data were evaluated. The IAU forcing
terms were estimated from the evaluated differences by
dividing the AU analysis cycle (7 days). The prognostic
equations with the IAU forcing terms were integrated over
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Figure 2. HF radar observation area for (a) 1999 and (b) 2000. Capital letters A and B indicate radar
positions. Contour interval is 400 m in Figure 2a. Maximum depth contour is 400 m, and contour interval

is 50 m in Figure 2b.
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7 days from the initial data. Thus, the assimilation data in
one TAU analysis cycle were obtained using the IAU.

[16] Small islands such as Aguni Island (radar site A in
2000) and Tokashiki Island (26.2°N, 127.35°E) near
Okinawa Island are not well resolved. The temporal reso-
lution of the supplied data was 2 days. The total area of the
HF radar data is a few points effectively in terms of JCOPE
data points. Both the HF radar data and the JCOPE data are
spatially averaged data. The scale of the averaging is the
resolution of the data, and the averaging scale of HF radar
data is different from that of the JCOPE data. Daily sea
surface NASA’s Quick Scatterometer (QuikSCAT) Level3
wind vectors data on 0.25° x 0.25° grid points were also
used for this study.

[17] The Maps of Sea Level Anomalies (MSLA) were
estimated from altimetric data by ERS and TOPEX/
POSEIDON, and were provided by the CLS Space Ocean-
ography Division [Collecte Localisation Satellites, 2001] at
7-day intervals. The MSLA from altimetric data were
estimated by removing the 7-year mean (January 1993 to
January 1999), geoid heights, tidal height signals, and the
effects of the inverse barometer. The MSLA are provided on
Mercator 1/3° grids. The longitudinal resolution varies with
the cosine of the latitude.

3. Observation Results
3.1. Surface Currents Observed by HF Radars

[18] Figures 3a and 3b show time-averaged current fields
in the observation period of 1999 and 2000, respectively.
The mean currents in the observation period of 1999 are
southeastward (Figure 3a). The currents in the southern part
of the observation area (south of 26.2°N) are directed more
eastward. The mean currents in the observation period of
2000 are southwestward (Figure 3b). The magnitudes of the
mean currents are the largest in the northeast part of the
observation area. The spatially averaged magnitudes of
the time-averaged currents are 12 cm s ' in 1999 and
13 em s~ in 2000.

[19] Figures 4a and 4b show area-averaged daily surface
currents in the area of 26.25-26.5°N and 127.22-
127.63°E. The currents were eastward or southeastward
throughout most of the 1999 HF radar observation period.

[20] The southeastward current speeds are large from 7 to
13 June to in 1999 (Figure 4a). The maximum area-
averaged daily current was observed on 8 June, but the
daily averaged wind speed was not the maximum on that
day. The currents were southwestward throughout most of
the 2000 HF radar observation period. The area-averaged
daily current speed was the largest on 1 November in 2000,
and the daily averaged wind speed was also largest on that
day. However, the wind directions were northwestward on
1 November in 2000. The area-averaged daily currents are
time variable; however, northward currents are rare.

3.2. SST Data

[21] The along-isotherm components of ocean currents
are generally larger than the cross-isotherm components on
the basis of the thermal wind relationship, if the geostrophy
is well satisfied [e.g., Kelly, 1989; Zavialov et al., 2005].
The ocean currents are generally almost parallel to
isotherms.
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[22] Figures 4c and 4d show time series of rotated SST
gradient vectors. The rotated SST gradient vector is the 90°
counterclockwise rotation of the SST gradient vector. The
rotated SST gradient vector is parallel to the isotherm with
high temperature to the right, and parallel to the along-
isotherm component of the current. The SST gradients were
calculated by the least squares method in the area of 127—
128°E and 26—28°N. However, the SST was not estimated
in the area of 26—27°N, and 127.5-128°E, and the SST
gradients were estimated in the remaining area.

[23] The SST gradients were estimated by solving the
overdetermined equations as

T(x,y) =ax+by+ec, )

where (x, y) is the horizontal coordinate, 7' = T{(x, y) is the
SST at (x, ), and (a, b, c) is the unknown to be estimated.
The rotated SST gradient vector is (—b, a).

[24] The mean magnitude of the SST gradient from
25 May to 10 July in 1999 was 1.2 x 102 deg km .
The mean magnitude from 18 October to 22 November in
2000 was 6.8 x 107> deg km~'. The direction of the rotated
SST gradients is almost southward. It is rare that the rotated
SST gradient is directed northward. The rotated SST gradi-
ent vectors are related with area-averaged daily currents
from Figures 4c and 4d and Figures 4a and 4b. However,
area-averaged daily currents in 1999 are directed counter-
clockwise with respect to the rotated SST gradient vectors.
This counterclockwise veering of surface currents with
respect to the rotated SST gradient vectors can be seen in
Figure 4a. A possible explanation of the veering in 1999 is
that the southwesterly winds dominate in 1999, while
northeasterly winds dominate in 2000.

[25] We estimated complex correlation coefficients be-
tween area-averaged daily currents and rotated SST gradient
vectors, but there were no correlations. In the case of small
magnitudes of area-averaged rotated SST gradients, iso-
therms were complicated in the area, and the horizontal
variability of currents was large. The rms differences
between area-averaged surface current directions and rotat-
ed SST gradient vectors of magnitudes greater than 0.01 deg
km ™' were 73° in 1999 and 44° in 2000, respectively. The
rms difference in 1999 was larger than that in 2000 because
of the southerly winds in 1999.

3.3. Other Remotely Sensed Data

[26] Figure 5a shows the mean wind vectors and wind
stress curl from 18 October to 20 November in 2000. The
derivatives of wind stress components are calculated by the
centered difference. The wind stresses are calculated from
daily wind vectors and the wind stresses are averaged. The
time-averaged wind directions are southwestward. The wind
directions near the HF ocean radar observation are also
southwestward. The wind stress curl in the southeastern
(northwestern) part of the area of 27—28°N and 127—128°E
is negative (positive).

[27] Figure 5b shows the time-averaged wind vectors and
wind stress curl during the periods when the southward
currents were strong. The periods for the average were
selected from Figure 4b: 25-27 October, 31 October,
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Figure 3. Time-averaged currents observed by HF radars in (a) 1999 and (b) 2000.
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Figure 4. Area-averaged daily surface currents over
26.25-26.5°N and 127.22—-127.63°E in (a) 1999 and
(b) 2000. Time series of rotated SST gradient vectors in
(c) 1999 and (d) 2000.
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1 November, 3—4 November, and 20 November. Most of
the mean wind directions in the East China Sea are
southwestward. However, mean wind directions to the south
of the HF radar observation area are westward or north-
westward. The negative (positive) wind stress curl in the
southeastern (northwestern) part of the area of 27-28°N
and 127-128°E was enhanced in the selected periods.

[28] Figure 6 is the HF radar observation period-averaged
MSLA. While mesoscale eddies are dominant in the Pacific
Ocean, mesoscale eddies are not so dominant in the East
China Sea in Figure 6. A cyclonic eddy can be seen in the
area of 24—26°N and 126—128°E (Figure 6a), where the
SST is low. There are no significant eddies in the East China
Sea in Figure 6a. The area of 24—-26°N and 126—128°E is
surrounded by cyclonic and anticyclonic eddies in Figure 6b.
The magnitudes of the MSLA gradients are small to the
west of Okinawa Island. It is shown that the effects of the
mesoscale eddies on surface currents were small in the HF
radar period-averaged current fields.

4. Analysis of JCOPE Data
4.1. General

[20] The surface currents observed by HF ocean radars
are southward. We can expect that the eastern part of the
Kuroshio veers southward from northeastward from the
SST. We call it the Kuroshio southward recirculation
current. We analyzed the JCOPE data to infer the beginning
of the Kuroshio southward recirculation current. We inves-
tigated the mechanism of the current and found from the HF
radar observations that the southward currents are some-
times enhanced. We investigated the environmental condi-
tions when the southward current is strong from QuikScat
wind data.

[30] Figure 7a is the 3-year mean surface currents (v = (u,
v)) of JCOPE data from 2003 to 2005, where # and v are the
time-averaged east and north components, respectively.
Figure 7b shows the mean surface currents of the JCOPE
data when the southward current in the HF radar observa-
tion area was strong, as explained in section 4.2. The eastern
part of Kuroshio veers southward, but the magnitude of the
southward current near the eastern edge of Kuroshio is
small. The southward currents are confluent with south-
westward currents in the area 27.2-28°N and 127.8—
128.2°E. The confluent currents flow into the area of
26.2—-27°N and 127.2—127.6°E. On the other hand, the
currents off the western part of the Kuroshio are almost
parallel to the Kuroshio. The Kuroshio southward recircu-
lation current can be seen only off the eastern part of the
Kuroshio in the area of Figure 7a. The spatially averaged
magnitude of mean currents in the area of 26.1-26.5°N and
127.2-127.6°E is 7.4 cm s~ ', which is consistent with the
result of the HF radar observation, considering the differ-
ence of water depth of surface currents. The JCOPE surface
current is the mean current in the upper 10 m layer, while
the HF ocean radar current is the current at several tens of
centimeters. We can infer that the surface current observed
by HF radars is the Kuroshio southward bifurcation. Be-
cause mean currents are quite weak in the study area, the
temporal variability of currents is shown. The confidence
intervals of mean currents are also estimated.
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Figure 5. Mean wind vectors and wind stress curl (in 1077 N x m ) by QuikScat data during (a) the
2000 HF radar observation period and (b) the 2000 HF radar observation period when the southward
currents were strong. The shaded areas indicate negative values.

7 of 18



HISAKI AND IMADU: RECIRCULATION OF KUROSHIO C06013

C06013

Figure 6. HF radar observation period-averaged MSLA in (a) 1999 and (b) 2000. The shaded areas

indicate negative values.
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4.2. Enhancement of the Southward Current

[31] The southward current is sometimes enhanced as
shown in section 3 (Figures 4a and 4b). The enhancement
of the current is also seen in JCOPE data.

[32] We selected periods when the southward currents
were strong from the JCOPE surface current vector maps
from 2003 to 2005. Figure 7b shows the mean surface
currents for those selected periods. The selected periods in
2003 were 2—10 April, 6-8 May, 15-19 July, 26—
30 August, and 5—15 October. The periods in 2004 were
14—16 April, 21-23 June, 5—13 July, 31 July to 10 August,
and 13—17 October. The periods in 2005 were 13—17 April,
7-10 May, 21-23 May, 12-29 June, 4—12 July, 22 July to
4 August, 7—23 August, 6—8 September, 26—30 September,
and 10—16 October. The current in the eastern part of the
Kuroshio veers southwestward around the area of 27-28°N
and 127—128°E in Figure 7b, then flows into the HF radar
observation area. The spatially averaged magnitude of mean
currents in the area of 26.1-26.5°N and 127.2—127.6°E is
24.0 cm s~', which is about 3.2 times the 3-year mean
current magnitude. The current directions for the selected
period mean (Figure 7b) are similar to those of 3-year mean
(Figure 7a).

4.3. Statistical Analysis

[33] The confidence intervals A (i, p) and A.(v, p) of the
3-year mean currents were estimated, where p is the
confidence level. The method to estimate degree of freedom
is presented in Appendix A. Figure 7 shows the 90%
confidence intervals of the mean east and north components
normalized by mean values. For example, if —1 < A(u,
0.9)/u < 0, the probability that the east component of the
mean current is westward is more than 95% ((1 + p)/2). The
values of A.(z, 0.9)/u and A (v, 0.9)/v are small (0 < A(z,
0.9)/u<0.5 and 0 < A.(¥, 0.9)/v <0.5) in the Kuroshio area.
The values of A (i, 0.9)/u and A, (v, 0.9)/v are large along
the eastern edge of Kuroshio. The values of A (i, 0.9)/i and
A v, 0.9)/v in the area of the recirculation current to the
east of Kuroshio (around 27.5°N, 128°E) are —0.5 < A (u,
0.9)u < 0 and —0.5 < A v, 0.9)/v < 0. The values of
degrees of freedom are greater than 100 in the area, but they
are highly variable in the individual grid points. We can
confirm that the mean currents in the area are southwest-
ward with a high probability.

4.4. Time Series Data

[34] Figure 8 shows time series of the area-averaged
JCOPE surface currents. The averaged area is 26.1—
26.5°N and 127.2—127.6°E, which is almost same as the
HF radar observation area, and triangles B and C in Figure 7,
which are close to the boundary between the Kuroshio and
the recirculation currents.

[35] Most of the current directions are southward, and
cases of northward currents are very few in Figure 8a. The
time-averaged current of those area-averaged currents is (i,
V) =(—1.47, —7.03) (cm s~ ). The confidence interval at the
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90% confidence level of (A&, 0.9), A ¥, 0.9)) = (1.06,
1.03) (cm s~ '), and the degree of freedom is (141.9, 312.8).
These southward current directions are consistent with
Figures 4a and 4b. The northward currents in early and
mid-September in 2003 are associated with the passage of
Typhoon Maemi to the south and west of Okinawa Island.

[36] The currents are northeastward in Figure 8b. The
time-averaged current of those area-averaged currents is (i,
) = (13.5, 13.3) (cm s~ ). The confidence interval at the
90% confidence level is (A (@, 0.9), A.v, 0.9)) = (2.05,
3.64) (cm s~ '), and the degree of freedom is (115.4, 45.9).
The temporary variability of the area-averaged currents in
area B (Figure 7) is associated with the position change of
the Kuroshio edge.

[37] The currents in area C (Figure 7) are southward,
which suggests that one of the beginnings of the currents in
area A or the HF radar observation area is near the eastern
edge of Kuroshio north of area A. The time-averaged
current of those area-averaged currents is (u, v) = (—0.63,
—2.74) (cm s~ '). The confidence interval at the 90%
confidence level is (A (u, 0.9), A v, 0.9)) = (1.07, 2.60)
(cm s "), and the degree of freedom is (172.5, 40.3). The
probability that the time-averaged current in area C is
southward is more than 95%.

4.5. Bottom Topography and Potential Vorticity

[38] The factors contributing to the Kuroshio southward
recirculation current are bottom topography, wind stress and
stratification. Figure 9a is the contour map of the bottom
topography (H). The JCOPE water depth data with 1/12° is
used to draw Figure 9a.

[39] The path of the Kuroshio follows the slope from
(27.4°N, 126°E) to (28.4°N, 127°E) in Figure 9a. The water
depth of the Kuroshio is from 200 to 1000 m in this area.
The water depth becomes shallower with the distance
offshore from the western part of the Kuroshio.

[40] The bottom contour line H = 1200 m follows a path
from (27°N, 126°E) in Figure 9a to (28°N, 127.5°E), and is
then deflected southwestward. The currents change their
directions in the area of 26.5-27.5°N and 127-127.5°E.
The currents flow southwestward along the contour of H =
800 m.

[41] The relative vorticity is much smaller than the
planetary vorticity f except the Kuroshio area, and contour
patterns of the potential vorticity for vertical homogeneous
density fluids are similar to those of the bottom topography.
The current direction follows the H contour line as a first
approximation. The water depth of the southward current is
from 400 to 800 m in this area.

[42] The currents also flow along the contour of H =
800 m in the area of 27—28°N and 127-128°E (Figures 7a
and 9a). The contour of H = 800 m in the area of 27—-28°N
and 126—127°E is the path of the Kuroshio.

[43] The current field is affected by the topography.
However, the surface currents in the area of 26—26.5°N
and 127-127.6°E near Okinawa Island in Figure 7a do not

Figure 7. (a) Mean surface currents (v = (i, v)) of JCOPE data from the 3-year period from 2003 to 2005 overlaid by
normalized confidence intervals of # at the 90% confidence level (A, 0.9)/z7). (b) Same as Figure 7a but for the periods
when the southward current in the HF radar observation area was strong. The normalized confidence intervals of v (3-year
mean) at the 90% confidence level are overlaid. The areas A, B, and C are averaging areas for Figure 8.
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flow along the closed H contour lines in the area (Figure 9a).
The numerical simulation by Guo et al. [2003] shows that
this is due to JEBAR (joint effect of baroclinicity and
bottom relief) effects. The current directions around the
area of 28°N and 127.2°E, which is the eastern part of the
Kuroshio, also diverge from the H = 1200 m contour line.
The spatial variability of H is not large in this area.

[44] In the absence of external forces and dissipation, the
Ertel’s potential vorticity (EPV) is conserved following the
water particles. The relationship between the EPV and
the bottom topography is investigated. Figure 9b shows
the contour map of the EPV at the 21.5 m depth. The EPV is
approximated as

dp
+Ea—y+(f+0§a (2)

where (u, v) is the current vector, ( is the relative vorticity,
and p is the sea water density. The horizontal component of
the planetary vorticity vector and vertical component of the
current are neglected in equation (2). The current flows
along the EPV contour line in Figure 9b. The EPV contour
patterns are similar to A contour lines in the area of 26—
28°N and 127-128°E. The EPV contour patterns are more
related with current directions than H contours. The current
to the west of 0 =3 x 107 m™~! x s! contour line is the
Kuroshio. The magnitudes of the EPV gradients are small in
the Kuroshio area. The southwestward currents can be seen
along the 0= —6and 0= -7 x 10 'm™" x s~ contour
lines, where horizontal gradients of EPV are the largest in
the area of 26—28°N and 127—-128°E.

[45] If we can neglect the effects of stratification in this
area, the results from the EPV are the same as those from the
potential vorticity for vertical homogeneous density fluids,
which is approximated as f/H in the area where the relative
vorticity is much smaller than f. The result that the south-
ward current flows both along the EPV contour and bottom
topography shows that the southward current is controlled
by bottom steering effect.

4.6. Sea Surface Wind

[46] Figure 10c shows the 3-year mean wind vectors and
a contour map of the 3-year mean wind stress curl from
QuikScat data. The mean wind direction is southwestward,
and the Ekman transport is northwestward.

[47] We see the area of 27-28°N and 126-128°E in
Figures 7a and 10c. The wind stress curl is negative in the
western part of the Kuroshio, and increases from west to
east. The local maximum of the wind stress curl in
Figure 10c is at (27.4°N, 126.6°E), then decreases from
west to east. The wind stress curl is negative off the eastern
part of the Kuroshio (around 28°N, 128°E). The wind stress
curl is positive above the path of the Kuroshio, and is
negative to both the east and west of the Kuroshio.

[48] Figure 10b shows the mean wind vectors of the
selected periods and the contour map of the mean wind
stress curl in the selected periods from QuikScat data.
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General features in Figure 10b are the same as those in
Figure 10a. The averaged wind directions are southward or
southwestward. However, the vector-averaged wind magni-
tudes are smaller than those in Figure 10a, which shows that
the wind directions are variable in the selected period. The
wind stress curl is positive above the path of the Kuroshio,
and negative to both the east and west of the Kuroshio. The
wind directions are not always southward or southwestward
even in the selected periods. For example, the wind direc-
tions from 15 to 19 July in 2003 are northeastward or
northward. On the other hand, the wind stress curl is
positive above the path of the Kuroshio, and negative to
both the east and west of the Kuroshio during this period.

[49] Figure 10c is the comparison of the wind stress curl
at the 28.125°N latitude line. The 3-year mean positive
wind stress curl is the maximum at 127.125°E along this
latitude line while the selected-period mean positive wind
stress curl is the maximum at 127.375°E along the latitude
line. The position of the maximum positive wind stress is in
the eastern part of the Kuroshio. The maximum averaged
wind stress curl for selected periods is larger than that for
the 3-year mean. The wind stress curl is zero at 128°E along
the latitude line for both the 3-year and the selected-period
mean. The wind stress curl is negative east of this longitude
along the 28.125°N latitude line. The negative wind stress
curl is enhanced in the selected periods. Confidence inter-
vals of the mean wind stress curl were estimated. The
probability that the 3-year mean wind stress curl is positive
is greater than 95% from 127.125°E to 127.625°E in Figure
10c, where the degree of freedom ranges from 618.1 to
783.6. The probabilities that the 3-year mean wind stress
curl is negative are greater than 95% at 128.125°E and
128.375°E in Figure 10c, where the degrees of freedom are
379.5 and 692.4, respectively. The probabilities that the
selected-period mean wind stress curl is positive are greater
than 95% at 127.125°E and 127.375°E in Figure 10c, where
the degrees of freedom are 59.8 and 93.6, respectively. The
probabilities that the selected-period mean wind stress curl
is negative are greater than 95% at 128.125°E and
128.375°E in Figure 10c, where the degrees of freedom
are 118.8 and 71.0, respectively.

[s0] Hypothesis tests were performed to determine wheth-
er there were statistical differences between the mean of
wind stress curl of the 3-year mean and selected-period
mean for various confidence levels p. The maximum
confidence levels that differences in mean wind stress curl
at 128.375°E, 127.375°E, 126.125°E, and 127.875°E are
statistically significant are 98%, 89%, 84% and 76%,
respectively, where the degrees of freedom are 83.3,
139.5, 277.7 and 165.0, respectively. We can confirm that
the negative wind stress curl east of the Kuroshio is
enhanced in the selected period at a high probability.

5. Discussion
5.1. Ekman Velocity

[51] The Ekman velocities at the surface are estimated
from the QuikScat data to discuss the Kuroshio recirculation

Figure 8. Time series of area-averaged JCOPE surface currents in (a) area A in Figure 7 (26.1-26.5°N and 127.2—
127.6°E), (b) area B in Figure 7 (triangle with apexes at 27.5°N, 127.4°E; 28.1°N, 127.4°E; and 28.1°N, 128.2°E), and
(c) area C in Figure 7 (triangle with apexes at 27.5°N, 127.4°E; 27.5°N, 128.2°E; and 28.1°N, 128.2°E).
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itself and the surface current separately. The Ekman surface
current in the complex form is

212 T (1419)
Ug = e exp<—zZ> exp( . z), (3)

where z is the vertical coordinate, 7 is the wind stress in the
complex form, 4, = (24/f)"? is the Ekman depth, and 4 is
the vertical momentum diffusivity.

[s2] Figure 11 shows mean Ekman currents and the
vertical current shears between the surface Ekman layer
and the underlying water column for 3-year and the selected
period. The Ekman depth is 27 m in this example, which is
almost same as that of Chereskin [1995]. The surface
current is composed of the geostrophic current and the
Ekman current (U, + Ug). The current beneath the Ekman
layer is the geostrophic current (U,). The vertical current
shear between the surface Ekman layer and the underlying
water column is U, + Ug — U,.

[53] If the Ekman velocity (JUg|) in the selected period is
larger or comparable to the magnitude of vertical shear
(|Ug + Ug — Uy)), the current enhancement in the selected
period is associated with the enhancement of the Ekman
current. The depth of the Ekman current in Figures 11a and
11b is 5 m, because the thickness of the uppermost layer of
the JCOPE data is 10 m. The depth of the current beneath
the Ekman layer (U,) is 7h,. The shear vectors are plotted in
the area of H > 27h, (Figures 11c and 11d).

[s4] The mean wind directions are southwestward
(Figure 10a), and the Ekman current directions are west-
ward. The 3-year mean Ekman currents are large, however,
the selected mean Ekman currents are smaller than the
vertical current shears (Figure 11). The enhancement of
the southward current cannot be explained only by the
enhancement of the surface Ekman velocities.

5.2. Wind Stress Curl and Current Enhancement

[s5s] This study shows that surface currents in the area
between 26—28°N and to the east of the Kuroshio are
southward, which is almost opposite to the direction of
the Kuroshio. Analysis of HF radar observations and
JCOPE data reveals that the southward currents are
sometimes enhanced. The wind stress curl is positive
above the eastern portion of the Kuroshio, while the curl
is negative to the east of the Kuroshio. Positive wind
stress curl is associated with high SST in the eastern part
of the Kuroshio.

[s6] This relation is a result of the local air-sea interaction
along the Kuroshio SST front. The static stability of the
atmospheric boundary layer is reduced, and the upward
motion of the atmosphere in the boundary layer is enhanced.
The horizontal wind is convergent [Xie et al., 2002], and the
relative vorticity of the wind field is positive. On the other
hand, the boundary layer atmosphere to the east of the
Kuroshio path is stable compared with that in the eastern
part of the Kuroshio. The horizontal wind is divergent, and
the relative vorticity of the wind stress field is negative
[Chelton et al., 2004].

[s71 We used JCOPE data to investigate the vertical
profile of the currents to the east of the Kuroshio and found
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that the currents are almost always southward. The transport
vectors, which are estimated by integrating the currents with
respect to the vertical coordinate, are also southward to the
east of the Kuroshio. Existence of the Kuroshio southward
recirculation current is primarily due to the bottom topog-
raphy. The southward current is enhanced when the positive
and negative wind stress curls are enhanced. The enhance-
ment of currents occurs in surface waters.

[s8] None of the selected periods, when the southward
currents are enhanced, coincides with winter. Possibly, this
is because southward monsoon winds from Asian continent
are dominant in the study area during the winter. The
atmospheric pressure is lower in the eastern part of the
study area. The negative wind stress curl to the east of
the Kuroshio and positive wind stress curl in the eastern
portion of the Kuroshio are weakened during the winter, and
the southward currents are not enhanced.

6. Conclusions

[s59] We investigated the surface currents west of Oki-
nawa Island, which is located to the east of the Kuroshio in
the East China Sea. It was found that the time-averaged
current field is almost southward, although the spatial
variability of the current is affected by the topography.
Because the HF radar observation period is not very long,
the effect of the mesoscale eddy remained in the time-
averaged current field. The area-averaged surface currents
were also almost always southward, although there were
temporal variabilities associated with the eddy field. The
spatially averaged magnitudes of temporal mean currents
are more than 10 cm s™' in both HF radar observation
periods.

[60] The southward currents are sometimes enhanced.
The relationship of the enhancement was investigated using
satellite remote sensing data. The QuikScat wind shows that
the wind stress curl is negative (positive) in the southeastern
(northwestern) part of the 27—-28°E and 127—128°N area.
The negative and positive wind stress curls in the area are
enhanced when the southward surface current in the HF
radar observation area is enhanced. The JCOPE data from
2003 to 2005 was also analyzed, although the period was
different from the HF radar observation periods. The be-
ginning of the southward current observed by the HF radar
was inferred from the JCOPE data. The time-averaged
surface currents to the east of the Kuroshio seem to be
bifurcations from the Kuroshio, and are shown to flow
southward in the JCOPE data. The southward current flows
into the HF radar observation area. The currents are called
the Kuroshio southward recirculation current.

[61] The wind stress curl is positive in the eastern part of
the Kuroshio, and negative to the east of the Kuroshio,
where the Kuroshio seems to be bifurcated in the JCOPE
data. The Kuroshio southward recirculation current is
sometimes enhanced, when the positive and negative wind
stress curls in the area are enhanced as well.

[62] The path of the Kuroshio southward recirculation
current is similar to the H contour, which shows that the
current is controlled by the bottom topography. The result
that enhancement of the southward recirculation current is
related with the wind stress curl shows that the wind field is
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Figure 11. (a) Three-year mean Ekman currents (equation (3)) at z= —5 m and (b) same as in Figure 11a
but for the selected period. (c) Three-year mean vertical current shears between the surface Ekman layer
and the underlying water column and (d) same as in Figure 11c but for the selected period.

also important for the current. Current dynamics will be is the sample mean of x; The expected value of the
examined in a future study. population mean (u) is X. The confidence interval of the
population mean A.(X, p) for the confidence level p is
estimated by assuming that the value X, = (x — p)s ' N'?
has a Student’s t-distribution with N — 1 degrees of
freedom, where s> is the variance estimated from data as

Appendix A: Effective Number of Independent
Observations

[63] The expression x; (i = 1, ..., N) represents data such

as velocity components, and 1 &
s2 = v Z (x; — %)%, (A2)

1 &
x:NZx,v (A1)
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[64] However, x,(i = 1, ., N) is the time series data, and
the x; values are not statistically independent of each other.
We must use the effective number of independent obser-
vations N, instead of N. The confidence interval of the
mean value A (X, p) for the confidence level p is estimated
by assuming that the value X, = (% — p)s ' NY? has a
Student’s t-distribution with N, — 1 degrees of freedom,
where s is estimated from (A2) and (A3) by replacing N
with N, in (A3).

[65] The effective number of independent observations N,
is estimated as

N
L= A4
Ne=p (a4)
X l
Td:1+2l:51 (1 —N)r], (AS)

where r(l =0, ., N) is the autocorrelation at lag / [ Trenberth,
1984]. The autocorrelation is r; = ¢;/co (I =0, ., N), where ¢,
is estimated as

=y O (=B 3.

[66] The data of the selected period is not consecutive and
(A6) cannot be applied. Suppose that there are J number of
samples, such as M(j) observations in each j-th sample (j =
1, ., J). The value ¢, is estimated by averaging the ¢;; as

M(j)
1 _ _
Clj =37~ Xi—1j — X)\Xij —X),
P IRl (A7)
I=1,.,M() -1
1 M())
X = N Z x,;j (A8)
Jj=1 i=1
J .
M
= Z ]E]J) C]’/', (A9)

=1
where x; (i = 1, ., M())) is the i-th value of j-th sample, and
the

M(j)=N
1

J
(A10)

J

is satisfied. Equations (A7), (A8) and (A9) are identical to
(2.14a), (2.14b) and (2.14c) by Trenberth [1984], if M(j) is a
constant.
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