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[1] During May to November 2004, 20 profiling floats were deployed in the recirculation
gyre (RG) region south of the Kuroshio Extension (KE). With the KE and RG being

in a stable state, most of these floats remained within the RG, resulting in a large number
of satellite position fixes for estimating the velocities at the parking depth (1500 db) and a
large number of temperature/salinity profiles for estimating the geostrophic velocities
above the parking depth. The flows of the RG at different depths in the upper 1500 db are
found to be approximately parallel to each other, with the speed at the surface (35 cms™")
being about three and a half times larger than that at the parking depth (10 cm s™").

By analyzing the full-depth conductivity-temperature-depth profiles in the RG, in addition
to the velocity estimates, we found that the vertical structure of the RG velocity field was
dominated by the barotropic and first baroclinic modes. The two modes are combined
in such a way that the resulting RG circulates anticyclonically in the same direction
from the surface to the bottom and has an anticyclonic bottom velocity on the order of
5 cm s~ '. From the barotropic component (depth-averaged) of the RG velocity field, the

RG transport with one standard error is estimated at 101 + 8 x 10° m® s™'.

Citation: Chen, S., B. Qiu, and P. Hacker (2007), Profiling float measurements of the recirculation gyre south of the Kuroshio
Extension in May to November 2004, J. Geophys. Res., 112, C05023, doi:10.1029/2006JC004005.

1. Introduction

[2] After separating from the coast of Japan near 35°N,
the Kuroshio Extension (KE) flows eastward with two
quasi-stationary meanders before reaching the Shatsky Rise
(Figure 1). Over this segment, the eastward transport of the
KE is augmented by the presence of the southern recircu-
lation gyre (RG) [e.g., Wijffels et al., 1998]. In climato-
logical surface dynamic height maps such as those shown in
Figure 1, the RG is identifiable by closed contours south of
the KE. The existence of the RG can also be seen from the
synthesis of available direct velocity data for near-surface
drifters from 1989 to 2001 [Niiler et al., 2003]. Because the
KE and RG interact dynamically, a better understanding of
the RG helps us to understand the KE system and the KE’s
role in the general circulation and climate of the North
Pacific.

[3] Direct velocity measurements of the RG were first
made in 1981-1982 using a moored current meter array
along 152°E from 28 to 41°N [Schmitz et al., 1982; Niiler
et al., 1985]. Unlike the climatology in Figure 1, the velocity
measurements in the upper (i.e., 500 m) portion and near the
bottom showed that every 2—3 months, there was an eddy
passing by the array south of the KE [Schmitz et al., 1982].
The deployment and retrieval hydrographic surveys (Figure 2
in the work by Niiler et al. [1985]) showed that south of
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the KE in July 1980 and June 1982, there existed cyclonic
eddies and that in May 1981, the region was occupied by a
less energetic eddy field; no clear RG was seen in those
surveys.

[4] The RG offshore to southeast Japan was measured by
a full-depth conductivity-temperature-depth (CTD)/Low-
ered Acoustic Current Doppler Profiler (LADCP) section
as a part of the World Ocean Circulation Experiment
(WOCE) P10 cruise in November 1993 [Firing, 1998];
the station locations are indicated by the LADCP depth-
averaged velocity vectors in Figure 1. In the present study,
the depth-averaged velocity from a full-depth profile will be
referred to as the barotropic component, in the same sense as
the barotropic dynamical mode. As shown by the vectors in
Figure 1, the RG had a barotropic component of 5-10 cm s~ .
The presence of the RG is clearly indicated by the broad
southwestward flow from 34°N to the southern end of the
section at 32.7°N (Figure 2). Within the RG, the observed
southwestward flow is highly barotropic, and its volume
transport is estimated at about 86 Sv (Sv = 10° m® s ).

[5] The RG was more recently observed by the full-depth
LADCP along 152°30'E in July 2000 and along 146°25'E in
May 2001; both of these sections reached as far south as
30°N [Yoshikawa et al., 2004]. The westward transports
south of the KE were 34 and 50 Sv along 152°30'E and
146°25'E, respectively. By using the concurrent satellite
altimetric data, Yoshikawa et al. showed that during both of
their surveys, the KE had a convoluted path with large-
amplitude eddies on its two sides. Yoshikawa et al. also found
that both the KE and the southern RG had bottom currents
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Figure 1. Mean sea surface dynamic height in centimeters relative to 1000 db, from the work by Teague

et al. [1990]. The contour interval is 10 cm. A 205-cm contour is added to signify the recirculation gyre
south of the Kuroshio Extension. Arrows indicate the depth-averaged LADCP velocities along the
WOCE P10 line in November 1993 [Firing, 1998]; a full-depth view of the LADCP cross-track velocities
is given in Figure 2. Light and dark gray shadings denote water depths of 2000 and 4000 m, respectively.

as strong as 10 cm s~ ', in agreement with the WOCE result
shown in Figure 2.

[6] The different behaviors of the RG in the in situ
measurements can be understood in terms of the temporal
variations of the KE system found from satellite altimetry
data over the past decade. By analyzing the altimetric sea
surface height (SSH) since 1992, Qiu and Chen [2005]
showed that the KE and its RG in the past decade oscillated
between two dynamic states. Before 1995 and after 2002,
the KE was in a stable sate (that is, it was strong and
remained at an approximately constant latitude between 35
and 36°N), and the RG was well represented by a single
positive SSH maximum. During the period from 1996 to
2001, the KE path underwent large meridional excursions,
and there existed only weak SSH maxima south of the KE.
The transition between the two dynamic states is instigated
by the westward-propagating long Rossby waves, which in
turn are induced by surface wind-forcing in the Northeast
Pacific [Qiu and Chen, 2005]. In terms of the bimodal states
of the RG, the WOCE LADCP measurement in 1993 was
made when the RG was in the stable state, and the LADCP
measurements by Yoshikawa et al. [2004] in 2000 and 2001
were made when the RG was in the unstable state. The
moored current meter measurements in 19811982 [Schmitz
et al., 1982] appear to have been made when the RG was in
the unstable state (i.e., when the KE was in a weakened state;
see Figure 11 in the work by Qiu [2003]).

[7] While the surface characteristics of the RG have
recently been examined in detail owing to the accumulation
of the surface drifter and satellite altimetry measurements
[Niiler et al., 2003; Qiu, 2003], information about the
vertical structure of the RG remains fragmentary. The
objective of the present study seeks to clarify the RG’s
vertical structure by using profiling float and full-depth
CTD data from the Kuroshio Extension System Study
(KESS) program during the period from May to November
2004 when the KE/RG was in the stable state. Owing to the
largely stationary nature of the RG during the analysis
period, the floats sampled the area repeatedly, reducing
uncertainty in the analysis. A representative vertical struc-

ture of the stable-state RG and an estimate of its transport
are obtained.

2. Data

[8] As a part of the KESS collaborative research project,
20 Apex profiling floats were deployed in 2004, four at the
end of April and sixteen in June [see Figure 3 for their
deployment locations and http://www.soest.hawaii.edu/snol/
for up-to-date float trajectories and temperature/salinity (T/S)
profiles]. After the initial deployment, each float remained at
the sea surface until 6 hours after the instrument’s start-time
then dove to its preset parking depth (1500 db). The float
began its ascent toward the surface, which took about
4.5 hours, 107 hours following the dive time. It remained at
the sea surface until 13 hours had elapsed since the beginning
of'its ascent, then dove again. A complete cycle from one dive
to the next dive is thus 120 hours (5 days). Each float
measured temperature and salinity at its parking depth, and
at 72 specified pressures as it rose; the pressure intervals are
100 db at pressures greater than 1000 db, 30 db between 400
and 1000 db, 10 db between 100 and 400 db, and 5 db
between 5 and 100 db. While the float was at the sea surface, it
transmitted T/S data messages to the Advanced Research and
Global Observation Satellite (ARGOS) every 44—46 seconds.
In the KESS region, ARGOS overpasses provided position
fixes about once per hour. On average, the KESS profiling
floats received about seven position fixes during their
8.5 hours on the surface. The elapsed times between resur-
facing and the first position fix, and between the last position
fix and subsequent diving, were each about 40 min.

[v] During May to November 2004, 687 T/S profiles and
4748 float position fixes were obtained. In the present
analysis, we calculated dynamic heights from the T/S
profiles. Velocities at the parking depth (see Figure 4a)
were evaluated from the float satellite position fixes by
applying the method by Park et al. [2005]: the float diving
and resurfacing locations are first estimated by extrapolating
the satellite position fixes by using the linear and inertial
velocity model; the parking depth velocities are then
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