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Oyashio water flowing into the Mixed Water Region (MWR) and the Kuroshio Ex-
tension region that forms North Pacific Intermediate Water (NPIW) has been exam-
ined, based on four Conductivity-Temperature-Depth profiler (CTD)/L owered Acous-
tic Doppler Current Profiler (L-ADCP) surveys of water masses and ocean currents.
There are two processes by which the Oyashio water intrudes across the Subarctic
Front (SAF): oneisadirect cross-near shore-SAF transport near Hokkaido along the
western boundary, and the other isa cross-offshore-SAF process. Seasonal variations
wer e observed in the former process, and the transport of the Oyashio water across
SAF near Hokkaido in the density range of 26.6-27.40, was 5-10 Sv in spring 1998
and 2001, and 0—4 Sv in autumn 2000, mainly corresponding to the change of the
southwestward Oyashio transport. Through thelatter process, 5-6 Sv of the Oyashio
water was entrained across the offshore SAF from south of Hokkaido to 150°E in
both spring 2001 and autumn 2000. The total cross-SAF Oyashio water transport
contributing to NPIW formation is more than 10 Sv, which islarger than previously
reported values. Most of the Oyashio water formed through the former process was
transported southeastward through the Kuroshio Extension. It is suggested that the
Oyashiointrusion viathelatter processfeedsNPIW in thenorthern part of the MWR,
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mainly along the Subar ctic Boundary and SAF.

1. Introduction

Low-salinity Oyashio water flows into the Mixed
Water Region (MWR) and the Kuroshio Extension region,
and forms North Pacific Intermediate Water (NPIW),
which is characterized by a salinity minimum that is
widely distributed in the North Pacific subtropical region
(e.g. Sverdrup et al., 1942; Reid, 1965; Talley, 1993). The
Oyashio is the western boundary current of the western
subarctic gyre in the North Pacific and Oyashio water is
strongly influenced by Okhotsk Seawater and Bering Sea
water (e.g. Ohtani, 1989). The MWR (Kawai, 1972) is
here defined as the area between the northern edge of the
Kuroshio Extension and the Subarctic Front (SAF), de-
fined here asthe 4°C isotherm at 100 m depth, following
to Favorite et al. (1976). The MWR is thought to be part
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of the subtropical region because the wind-driven gyre
boundary between the subtropical and subarctic gyres, as
determined from wind-stress fields, roughly corresponds
to the SAF (Yuan and Talley, 1992). This paper focuses
on where and how much Oyashio water flows into the
MWR and the Kuroshio Extension region, and where it
flows eastward through the MWR and the Kuroshio Ex-
tension region, based on observations.

There are previous studies of Oyashio water flow-
ing into the MWR and the Kuroshio Extension region,
which is related to NPIW formation. Reid (1965) sug-
gested that low-salinity Oyashio water diffuses laterally
along the gyre boundary and influences the properties of
the subtropical water. Talley (1993) reported that NPIW
is formed especially in the MWR in the western North
Pacific. Yasuda et al. (1996) demonstrated that Oyashio
water reached the Kuroshio Extension in the area east of
Japan and then flowed eastward along the Kuroshio Ex-
tension, suggesting that there are direct intrusions of
Oyashio water into the subtropical region along the west-
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ern boundary, and that NPIW is formed mainly near the
Kuroshio Extension by isopycnal mixing between
Oyashio water and the high-salinity intermediate water
transported along the Kuroshio. Talley et al. (1995) esti-
mated that the eastward transport of Oyashio water
through the MWR is 3 Sv, and Talley (1997) reported it
to be 3-5 Sv through the MWR and the Kuroshio Exten-
sion. Yasuda (1997) suggested that the main origin of
NPIW is alow-salinity, low-potential-vorticity (PV) wa-
ter mass in the Okhotsk Sea Kuril Basin (Okhotsk Sea
Mode Water: OSMW) that has a PV-minimum centered
at 26.80,.

These previous studies argued that NPIW formation
is based on such water properties as temperature and sa-
linity, and with the geostrophic flow field assuming alevel
of no motion. This assumption, however, is not necessar-
ily valid for thereal ocean. Recently it has become possi-
ble to measure the absolute horizontal velocity field us-
ing lowered acoustic Doppler current profilers, L-ADCP.

Recent Conductivity-Temperature-Depth profiler
(CTD)/L-ADCP observations are demonstrating the im-
portance of the cross-nearshore-SAF Oyashio transports
along the western boundary near Hokkaido (Yasuda et
al., 2001) as well as cross-offshore-SAF transport, prob-
ably dueto isopycnal mixing across the offshore SAF, as
suggested by Reid (1965). Yasuda et al. (2001) defined
the cross-nearshore-SAF Oyashio transport as the trans-
port integrated from the Hokkaido coast to SAF, where
the southwestward Oyashio transport usually exceedsthe
northeastward one, so that the excess southwestward
Oyashio transport must cross the SAF and could contrib-
ute to the formation of NPIW in the downstream area.
They reported that 5 Sv of Oyashio water, of which 2.5
Sv was OSMW, crossed the SAF near the Hokkaido coast
and flowed directly into the MWR, based on aspring 1998
survey. Hiroe et al. (2002) reported that most of this
Oyashio water was entrained into the Kuroshio Exten-
sion and another 2 Sv of Oyashio water flowed south-
ward across 39°N (see also Shimizu et al., 2003).
Yoshinari et al. (2001) reported that part of NPIW formed
near the Kuroshio Extension was transported northward
to form amain part of NPIW in the MWR, while NPIW
in the MWR needs additional Oyashio water to explain
the salinity distributioninthe MWR. Yasudaet al. (2002)

defined the cross-offshore-SAF Oyashio transport as the
transport difference between two sectionsthat extend from
the coast to SAF, where one section is located south of
Hokkaido and the other south of the Kuril Islands. They
indicated that the cross-offshore-SAF Oyashio transport
could be 5-7 Sv between 147-152°E, based on a survey
conducted in summer 1999, although the authors stated
that the resolution of the observations was not adequate
to allow definite conclusions.

These previous studies suggest that both cross-SAF
processes—direct cross-SAF transport along the western
boundary current and diffusive transport across offshore
SAF—could beimportant for NPIW formation. However,
the observational underpinnings of this hypothesis are not
adequate since the temporal variations of the Oyashio
transports have been completely ignored, and there have
been few studies of the cross-offshore SAF process.

The Oyashio water transport into NPIW is thought
to beimportant for isolating anthropogenic CO, (ex-CO,)
into the intermediate depth of the subtropical gyre
(Tsunogai et al., 1993). The estimate of the ex-CO, trans-
port through NPIW depends on the cross-SAF Oyashio
transports into NPIW. Ono et al. (2000) and Andreev et
al. (2001) estimated the ex-CO, transport, and most re-
cently Yasuda et al. (2002) estimated it to be about 0.022
GtClyr. However, these values are based on the cross-
nearshore-SAF Oyashio transport near the western bound-
ary, and do not include the cross-offshore-SAF Oyashio
transport.

In this study we examine the cross-SAF Oyashio
transport, cross-SAF processes of Oyashio water near the
western boundary and across the offshore SAF, and the
variations of the transport into the MWR and the Kuroshio
Extension region, using observational data of the verti-
cal and horizontal distribution of density and current field.

A comparison between the data from two seasons,
namely spring (May to June) and autumn (October to
November), shows that the inflowing form of Oyashio
water into the MWR is different in the two seasons. The
cross-nearshore-SAF Oyashio transport near Hokkaido in
spring was larger than in autumn. Furthermore it is sug-
gested that Oyashio was water flowing into the MWR
across the offshore SAF from near Hokkaido to 150°E.

The next section explains the observational data and

Table 1. Cruise IDs, period, research vessels, chief scientists in the four observation cruises for the data used in the present

analysis.
ID Period RV Chief scientist  Datatype
S09805  12th May-17th Jul, 1998  Soyo-Maru Y. Hiroe CTD, L-ADCP
S00010  20th Oct—1st Nov, 2000 Soyo-Maru K. Kawasaki CTD, L-ADCP
HK0105 25th May—12th Jun, 2001 Hokko-Maru  T. Watanabe CTD, L-ADCP
HK0207  6th—20th Jul, 2002 Hokko-Maru  T. Watanabe CTD, L-ADCP
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analysis method. In Section 3 we examine the cross-
nearshore-SAF Oyashio transport near the western bound-
ary and its variation, including hydrographic and current
structures of the Oyashio. Section 4 discusses the cross-
offshore-SAF Oyashio transport and process. We then
examine the pathway of these cross-SAF Oyashio waters
in the MWR and the Kuroshio Extension region west of
150°E (Section 5) and at 162°E (Section 6). In the last
section the results are summarized and discussed.

2. Data and Analysis Method

2.1 Data

L-ADCP and CTD data were obtained during four
cruises, the details of which are shown in Table 1; the
observation stations are plotted in Fig. 1. Inthefirst three
surveysthe observational line enclosed the MWR and the
Kuroshio Extension region from coast to coast. At each
station, measurements with L-ADCP and CTD were car-
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2.2 Analysis method
2.2.1 Oyashio mixing ratio

We cal cul ated the mixing ratio between Kuroshio and
Oyashio waters from isopycnal potential temperature and
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Fig. 1. Transport distribution, Oyashio mixing ratio and station locationsin the four cruises, (a) SO9805, (b) SO0010, (c) HK0105,
and (d) HK0207. Bar length denotes the volume transport (Sv = 10° m%/s) between each station pair estimated in the density
of 26.6-27.00, from the adjusted geostrophic velocity field. Color means the Oyashio-mixing ratio. Small dots represent
observational stations and large dots represents locations of subarctic front (SAF) in (a), (b), and (c), and of subarctic bound-
ary (SAB) in (d).
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spectively, and (6, S), (6., S) and (8,, S,) aretheisopycnal
potential temperature and salinity of sample, the pure
Kuroshio and the pure Oyashio waters, respectively. The
isopycnal temperature and salinity profile of the pure
Oyashio water is the average of the measured profiles at
several stations near Hokkaido in May 1998, and the pure
Kuroshio water is taken to be near Boso Peninsula (see
Yasuda et al., 2001 for details). The transport of the
Oyashio (Kuroshio) component is obtained by multiply-
ing the Oyashio (Kuroshio) mixing ratio by the transport
between stations.

This Oyashio mixing ratio quantifies the water mix-
ing between subtropical water and the Oyashio (subarctic)
water, and is useful for the description of the transport
and mixing processes of Kuroshio and Oyashio waters.
Similar procedures have been used in previous studies
(Talley et al., 1995; Yasuda et al., 1996, 2001; Talley,
1997; Yasuda, 1997; Shimizu et al., 2001; Yoshinari et
al., 2001).

2.2.2 Vertical profiles of geostrophic velocities

Here we use the following three sets of velocity
fields.
2.2.2.1 Geostrophic velocity relative to 1500 dbar

Assuming that there is no flow at 1500 dbar, the
geostrophic velocity profiles at each pressure level are
calculated from temperature, salinity and pressure field
measured by CTD. If the bottom of the ocean is shal-
lower than 1500 dbar, a reference pressure level is set at
the bottom at shallower stations.
2.2.2.2 Adjusted geostrophic velocity

Vertical profiles of horizontal velocities were ob-
tained at 20 dbar intervalsby L-ADCP. L-ADCP dataare
processed by the methods by Fischer and Visbeck (1993)
with GPS positioning data and CTD data using the rou-
tine provided by Prof. Eric Firing, University of Hawaii,
modified for direct incorporation with CTD data
(Katsumata et al., 2001). These L-ADCP velocity pro-
files contain ageostrophic components with a vertical
length scale of several tens of meters and relatively short
periods. In this study, however, we want to extract
geostrophic components, which have atime scale of more
than a day and larger vertical scale.

For each station pair, velocities at the reference lev-
els were estimated so as to minimize the differences be-
tween the geostrophic velocity profile and the velocity
profile obtained by subtracting the barotropic tide (Egbert
et al., 1994) from the directly measured L-ADCP profile
(Yasudaet al., 2001). Hereafter, we call thisvelocity pro-
file the “adjusted geostrophic velocity”.
2.2.2.3 Velocity field conserving the fluxes of volume,

salinity and temperature

Since the adjusted geostrophic velocity data contain
errors, the volume flux is not exactly conserved in the
box surrounding the MWR and the Kuroshio Extension
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region from coast to coast. Velocity fields at reference
levels are estimated by the inverse method using singular
value decomposition (SVD) so as to minimize the sum-
of-squares of the difference between the velocities esti-
mated by the adjusting procedurein 2.2.2.2 and the newly
estimated velocities under the constraints of conserving
the fluxes of volume, salinity and temperature (see Ap-
pendix A). Defining the surface layer asthe density range
0-26.60y, and two intermediate layers as 26.6—-27.004 and
27.0-27.40,, the volume balanceis applied to surface and
two intermediate layers, and the balances of salinity and
temperature fluxes are also applied to the two intermedi-
ate layers. In the surface layer the volume flux conserves
but the salinity and temperature fluxes do not, because
the surface layer isinfluenced by air-seainteractions and
the density less than 26.60, outcrops in winter and the
surface fluxes could directly modify the temperature and
salinity fields in the surface layer.

The Tsugaru Warm Current flowsinto the MWR from
Japan Sea through the Tsugaru Strait. Toba et al. (1982)
reported the annual average transport to be 2.0 Sv. In-
flow of the Tsugaru Warm Current to the surface layer
(<26.60y) of 2 Sv is thus assumed in the inverse model.

3. Cross-SAF Oyashio Transport near Hokkaido
This section examines the inflow of Oyashio water
into the MWR near the east coast of Japan in terms of the
transport distribution of the Oyashio component. The
subarctic front (SAF) near Hokkaido, defined hereas4°C
at 100 m (Favorite et al., 1976), was observed at 41°N,
145.75°E in May 1998 (see also Yasuda et al., 2001), at
41.5°N, 145.5°E in October 2000 (large dot in Fig. 1(b);
downward arrow in Fig. 2(a)), and at 40.5°N, 145°E in
May 2001 (southeastern dot in Fig. 1(c); downward ar-
row in Fig. 2(c)). In May 2001, the SAF was once again
observed at 41°N, 150°E (northeastern dot in Fig. 1(c)).
The Oyashio-component transports in the density
range 26.6-27.40, were cal culated al ong the observation
lines south of Hokkaido in order to estimate the volume
of Oyashio water flowing into the MWR. Generally, near
the east coast of Hokkaido the Oyashio flows southwest-
ward, and on its offshore side the Oyashio counter-cur-
rent flows northeastward (Figs. 1(a) and (b)). The vol-
ume transports do not compensate in the area from the
Hokkaido coast to the SAF, and generally the southwest-
ward Oyashio volume transport is greater than that of the
northeastward Oyashio counter-current (Kono, 1997;
Yasuda, 1997; Yasuda et al., 2001). This residual part of
the Oyashio water transport that is integrated from the
coast of Hokkaido to the SAF thus flows into the area
south of the SAF. This part could participate in the for-
mation of NPIW in the subtropical region, as suggested
by Yasuda et al. (1996). This Oyashio transport hence
representsthe cross-gyre transport from the subarctic gyre
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Fig. 2. Vertical cross-sections along the V-shaped lines from the coast of Hokkaido to the northern-most station of 150°E from
the SO0010 and HK 0105 cruises. (a) Salinity (psu), (b) adjusted geostrophic velocity (cm/s) in SO0010, with potential den-
sity (gg) contours (Cl = 0.1). (c) Salinity, (d) adjusted geostrophic velocity in HK0105. The downward arrows denote the
subarctic front. The dashed lines denote the turning points of V-shaped observational lines.

to the subtropical gyre along the western boundary cur-
rent region because the SAF roughly corresponds to the
wind-driven gyre boundary, as noted in Section 1. We call
this net southwestward Oyashi o-component volume trans-
port “cross-nearshore-SAF Oyashio transport near
Hokkaido” . The southwestward, northeastward and cross-
nearshore-SAF Oyashio transports near Hokkaido in the
density range between 26.6-27.40,, is summarized in
Table 2 for the three kinds of velocity fields mentioned
in Subsection 2.2.2.

Comparison among the cross-nearshore-SAF
QOyashio transports near Hokkaido in each survey reveals
the existence of seasonal variations. The cross-nearshore-
SAF Oyashio transport near Hokkaido is greater in spring
than in autumn. The volume transports both from the
geostrophic velocity field relative to 1500 dbar (3.7 Sv)
and from the adjusted geostrophic flow (0.7 Sv) in Octo-
ber 2000 are less than those in springtime observations
where relative geostrophic transport is 6.5 Sv and the
adjusted geostrophic oneis 4.9 Sv in May 1998, 4.4 Sv
and 7.0 Sv in May 2001 (Table 2). Similarly, the cross-
nearshore-SAF Oyashio transport near Hokkaido in au-

tumn, calculated from the inverse method, are less than
in spring. In the HK9908 cruise in August 1999 (Yasuda
et al., 2002), the adjusted geostrophic southwestward
transport was found to be 9.5 Sv, northeastward 2.8-7.0
Sv (mean 5.4 Sv) and cross-nearshore-SAF transport 1.4—
6.7 Sv (mean 4.0 Sv), i.e., between autumn and spring
observations. In the HK9908 observation, however, there
was great uncertainty about the northeastward transport
because of the inadequate horizontal resolution near the
SAF (Yasudaet al., 2002).

The southwestward transport (4.9 Sv) in October
2000, found from the adjusted geostrophic velocity field,
islessthan 7-10 Sv in springtime (Table 2). On the other
hand, the northeastward Oyashio-component transport of
4 Sv in October 2000 was almost the same as or a little
larger than about 3 Sv in spring. Based on these results, it
is suggested that the main cause of the seasonal variation
of the Oyashio transport across the SAF near Hokkaido
isthe change of southwestward transport between spring
and autumn. It is necessary to study further how signifi-
cant the change of the northeastward Oyashio transport
is.
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Table 2. Oyashio-component transports (in Sv) near Hokkaido based on three velocity fields in the density of 26.6-27.40,
showing the cross-nearshore-SAF Oyashio transport near Hokkaido, with southwestward and northeastward component.
(a) Geostrophic flow field relative to 1500 dbar, (b) adjusted geostrophic flow field, (c) geostrophic velocity field from
inverse method. HK9908 data are adapted from Yasuda et al. (2002). The annual mean values from the adjusted geostrophic
field are the average of the Oyashio transportsin the four cruises. The uncertainties (+10) for the transports are considered by
taking account of the uncertainties (+10) of the velocities estimated from the inverse method.

Cross-nearshore-SAF transport

Southwestward transport

Northeastward transport

(a) (b) (©) (a)

(b) (©) (a) (b) (©)

S0O9805 6.5 4.9 49 +1.8 9.0
SO0010 3.7 0.7 1519 5.2
HKO0105 4.4 7.0 11.5+45 5.8
MEAN 4.2
HK9908 1.4-6.7

4.0)

7.6 8.0%1.2 2.4 2.7 32+13
4.9 63+ 14 1.5 4.2 48 £13
9.7 12730 1.5 2.6 0.7 £ 0.8
7.4 3.2
9.5 2.8-7.0

(5.4)

The annual mean cross-nearshore-SAF Oyashio
transport near east coast of Hokkaido is estimated to be
4.2 Sv in the density range of 26.6-27.40, as an average
of the four data series of 2 spring, 1 summer and 1 au-
tumn surveys. Four data series are of course not enough
for annual mean estimates; as afirst step, the estimate is
believed to be valuable. From seasonal repeat
hydrographic observations off Hokkaido along 144°E, the
annual-mean cross-nearshore-SAF Oyashio transport rela-
tive to 2000 dbar was estimated to be 3.2 Sv (Miyao and
Ishikawa, 2003); this value is somewhat lower than the
estimate given in the present study, probably because of
the deep Oyashio structure where absol ute vel ocity meas-
urements are necessary. This estimate is used for the an-
thropogenic CO, estimate into NPIW near Hokkaido in
Ono et al. (2003).

The transport distribution of the Oyashio component
and the current structure in the area between Hokkaido
and the SAF were different in the three cruises SO9805,
S00010, and HK0105. In May 1998 and October 2000 a
typical structure was observed: the Oyashio flowed south-
westward near Hokkaido (warm-colored area on the left
side of arrow representing SAF in Fig. 2(b)), and the
Oyashio counter current flowed northeastward on the off-
shore side of the southwestward Oyashio (cold-colored
area on the left side of the arrow in Fig. 2(b)). The typi-
cal current structure can be seen in the transport diagrams
(southwestward cold-colored bars near Hokkaido are dis-
tributed north of the northeastward barsin Figs. 1(a) and
(b)). On the other hand, in May 2001, an anticyclonic
Oyashio eddy (cf. Shimizu et al., 2001) with a horizontal
scale of about 60 km was adjacent to the coast of Hokkaido
(blue and red color in the distance of 0—100 km distant
from the coast in Fig. 2(d)), whose northeastward trans-
port on the northwestern side of the eddy center (purple
bars around 42°N, 144°E in Fig. 1(c)) was 2.6 Sv, found
from the adjusted geostrophic velocity field (Table 2; see

860 M. Masujimaet al.

Shimizu et al., 2003 for the analysis of subsurface floats).
Asthisisdifferent from the typical current structure, the
southwestward and northeastward flows appeared alter-
nately from the center of the Oyashio eddy to the SAF in
May 2001 (Fig. 2(d)).

Although the cross-nearshore-SAF Oyashio has been
studied transport near Hokkaido, the new point of this
study is that the seasonal change of the cross-nearshore-
SAF Oyashio transport is suggested for the first time,
based on the data from the direct current measurement
with L-ADCP.

4. Cross-Offshore-SAF Oyashio Transport

It has been argued that it is possible for the Oyashio
water to flow across the SAF near the Hokkaido coast
into the MWR to contribute to the formation of North
Pacific Intermediate Water. Despite the possibilities that
Oyashio water may cross the SAF other than near the Ja-
pan coast, thereisonly one estimate of the cross-offshore-
SAF transport: Yasuda et al. (2002) suggested that 5-7
Sv of the Oyashio water crossed the offshore SAF be-
tween 147-152°E, based on summertime observation in
the density range of 26.7-27.40,. The authors pointed out
the inadequate spatial resolution of the observation, how-
ever. They defined the cross-offshore-SAF Oyashio trans-
port as the integrated transport difference between two
sections that extend from coast to SAF, where one sec-
tion is located south of Hokkaido and the other south of
Kuril Islands.

I'n this section, Oyashio transports across the offshore
SAF are estimated, and the inflowing processis discussed,
using the observation data obtained in October 2000 and
May 2001. The Oyashio-component volume transports are
integrated along the observation lines from the station
where the SAF was observed south of Hokkaido to the
station at 41°N, 150°E where the offshore SAF was ob-
served in May 2001, and very close to the SAF in Octo-



Table 3. Cross-offshore-subarctic-front Oyashio transports (in
Sv) in the SO0010 and HK0105 cruises in the density of
26.6-27.40,. (a) Geostrophic flow field relative to 1500
dbar, (b) adjusted geostrophic flow field, (c) geostrophic
velocity field from inverse method. The uncertainties (+10)
for the transports are considered.

@ (M ©

S00010 -1.3 6.2
HK0105 1.3 54

ber 2000. We here call this volume transport “the cross-
offshore-SAF Oyashio transport”.

The cross-offshore-SAF Oyashio transports in Oc-
tober 2000 and in May 2001 are 6.2 Sv and 5.4 Sy, re-
spectively, asfound from the adjusted geostrophic vel oc-
ity field as shown in Table 3. The cross-offshore-SAF
Oyashio transports could be reduced to 4.0 Sv and 3.7
Sv, respectively, yielding possible minimum cross-off-
shore-SAF Oyashio transports, where the reduced trans-
ports were estimated by moving the SAF stations to the
nearest stations. Since these cross-offshore-SAF trans-
ports are comparable with the cross-nearshore-SAF trans-
port estimated near Hokkaido, the Oyashio water across
the offshore SAF could make an important contribution
to the formation of NPIW.

The cross-offshore-SAF Oyashio transport estimated
from the geostrophic velocity field relative to 1500 dbar
was less than the values found from the adjusted vel ocity
field, because the current around the offshore SAF had a
structure deeper than 1500 dbar (Figs. 2(b) and (d) show
that blue or red colored areas extend from the surface to
1500 dbar on the right-hand side of the dashed linerepre-
senting the southernmost station of the V-shaped line). In
contrast to the transports near Hokkaido, the transports
across the offshore SAF show that a similar amount of
Oyashio water flowed into the MWR in both spring and
autumn.

In October 2000, two anticyclonic eddies were ob-
served near the offshore SAF (Figs. 2(a) and (b)): one
was centered around Sta. 80 and the other around Sta. 67.
Near the surface of these anticyclonic eddies, waterswith
relatively high salinity and high temperature override low
salinity and low temperature water near the density of
26.60,. In May 2001, two anticyclonic eddies were also
observed around the offshore SAF (right side of the dashed
linein Figs. 2(c) and (d)); one s centered around Sta. 23
and the other around Sta. 28. From the cross-sections of
the salinity and the currents (Figs. 2(a) and (b), or 2(c)
and (d)), the water transported through these anticyclonic
eddies already had a salinity minimum that was not that
of the pure Oyashio water. The salinity minimum was
33.4-33.8 psu at around 26.60 in both the HK0105 and

TEMPERATURE AT 100m DATE: 19910718 — 1991,/0831
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Fig. 3. Temperature distribution at 100 m (upper panel) and
the vertical cross-sections of temperature (°C), salinity
(psu), sigma-theta, and geostrophic current relative to 800
dbar (cm/s) along line 111 (lower four panels) in 15th July—
31t August 1991 (reproduced from Annual Report of the
Research Meeting on Saury Resources, October 1992,
Tohoku National Fisheries Research Institute).

SO0010 cruises. From the transport diagrams (see
northeastward line that reaches 150°E, 41°N in Figs. 1(b)
and (c)), waters with the Oyashio mixing ratio of 0.5-0.8
(green to blue in Fig. 1) were transported through the
eddies across the V-shaped lines around 39°N. By con-
trast, more pure Oyashio water was transported near the
coast of Hokkaido. These results suggest that the water
transported across the offshore SAF had already experi-
enced mixing around the offshore SAF, and the salinity
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Table 4. The Qyashio-component transports (in Sv) flowing eastward or southward out of the box through the MWR or the KE
region in the density of 26.6-27.40, (1) in the area south of the Kuroshio Extension including KE axis, (2) in the area north of
KE (thus MWR) and (3) near the KE axis. Positive value means the transports out of the box. (a) Geostrophic flow field
relative to 1500 dbar, (b) adjusted geostrophic flow field, (c) geostrophic velocity field from inverse method. The uncertain-

ties (£10) for the transports are considered.

(1) south of the KE axis (2) north of KE(MWR) (3) aroundthe KE axis

@ (b © @ (b © @ (b (©
S0O9805 3.4 7.1 55+2.6 26 1.3 0.8+£3.2 4.2 7.1 6.9+1.1
S00010 2.8 138 6.7+2.3 -04 42 -04%25 4.4 104 5.9+1.9
HK0105 4.3 229 11.5%45 3.1 6.0 42+22 52 156 14.0+25

minimum structure had been formed before the water
reached the observation lines.

The mixing process around the offshore SAF is
thought to be isopycnal mixing around the mesoscale
eddy. The isopycnal mixing process around mesoscale
eddies where warm, saline water flows northward and
cold, low-salinity water flows southward is supported
from previous data of horizontal temperature distribution
during 15 July—31 August 1991 (Fig. 3). Around the off-
shore SAF, the southward intrusion of a cold water mass
(<7°C at 100 m depth) is seen around 151°E, 39-41°N,
while warm water with temperature greater than 12°C
extends northward around 149°E, 38—41°N. The vertical
cross-sections of temperature, salinity, potential density
and geostrophic currents relative to 800 dbar (Yasuda et
al., 1992) show that the cold, low-salinity intrusion is
caused by the southward flow on the eastern side of the
anticyclonic eddy centered around 149°E, 39°N (along
theline I11 in upper panel of Fig. 3, or at around Sta. 18
in the lower panel of Fig. 3) and the northward, warm,
saline water extension correspondsto the northward flow
on the western side of the anticyclonic eddy.

5. Pathway of Oyashio Water in the MWR West of

150°E

In this section we discuss the transports of the
Oyashio component out of the boxes (see Figs. 7(a), (b)
and (c)) across the meridional section at 150°E or 158°E
and the southern sections in the Mixed Water Region
(MWR) and the Kuroshio Extension region (KE). In or-
der to simplify the arguments, we have divided this area
into two regions, namely, the southern area of the
Kuroshio Extension which includes the Kuroshio Exten-
sion axis, and the MWR from the northern edge of the
Kuroshio Extension to the northern-most station at 150°E,
41°N around SAF (Table 4). The MWR defined here thus
does not include the Kuroshio Extension itself. The axis
of the Kuroshio Extension is defined as the temperature
of 14°C at 200 m depth (Kawai, 1972). The axis of the
Kuroshio Extension can be seen as a steep slope of
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isopycnal contours and a strong eastward current (around
Sta. 57 inFig. 4, Sta. 050 in Fig. 5 and Sta. 58 in Fig. 6).
In Table 4, the Kuroshio Extension is defined as the area
where eastward volume transports are continuously dis-
tributed around the axis of the Kuroshio Extension as
shown in Fig. 1 (in SO9805 cruise, the eastward bars of
Fig. 1(a) from 31°N to 33°20' N; in SO0010, from 33°40'
N to 36°40" N in Fig. 1(b); in HK0105 cruise, from 34°N
to 36°N in Fig. 1(c)). The SAF was observed at the north-
ernmost station of 150°E line in the HK0105 cruise (Sta
032 in Fig. 6). In the SO0010 cruise, the SAF was also
observed very near the northern-most station of 150°E
(Sta. 065 in Fig. 5). At 150°E, the SAF and the Subarctic
Boundary (SAB) defined as the salinity of 34 psu
(Favorite et al., 1976) were not separated.

The eastward or southward transports of the Oyashio
component flowing through (1) south of the KE axis in-
cluding KE axis, (2) the MWR, and (3) around the KE
axis in the density of 26.6-27.40, are listed in Table 4,
where a positive value means outflow from the box en-
closing the MWR and the Kuroshio Extension region. In
May 1998, since the 158°E observational line did not
reach the offshore SAF, the transport north of the Kuroshio
Extension through the MWR in Table 4 denotes the inte-
grated volume transports of the Oyashio component along
the line from the northern edge of the Kuroshio Exten-
sion to the SAF near the coast of Hokkaido (dot in Fig.
1(a)).

The incoming and outgoing volume transports did
not balance in the adjusted geostrophic velocity field for
each cruise, probably because of the overestimate of trans-
port around the Kuroshio Extension. The overestimate
could be evaluated by the uncertainty of the L-ADCP
velocity around the Kuroshio Extension. Hence, we look
at the transports using theinverse method, conserving the
mass balance and the temperature and salinity flux for
examining the pathway of Oyashio waters. Transport dis-
tributions of the Oyashio water component based on the
velocity fields estimated from the inverse method are
depicted in Fig. 7, which shows the pathways of Oyashio
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Fig. 7. Transport distributions of the Oyashio water component in the density of 26.6-27.40, based on the velocity fields
estimated from inverse methods, with Oyashio mixing ratio (color) and station locations in the three cruises, (a) SO9805,
(b) SO0010, (c) HK0105. Color and marks are the same as Fig. 1.

waters. Relatively large Oyashio transports are seen near
the Hokkaido coasts, corresponding to the southwestward
nearshore Oyashio, in the MWR around the SAF and the
SAB, and around the Kuroshio Extension axisin the me-
ridional sections at 147—-158°E.

The Oyashio-component transport in the area south
of the KE axis found using the inverse method was 6-12
Sv, and the Oyashio transport around the KE axis was 6—
14 Sv (Table 4(c)). These transports are larger than the
cross-nearshore-SAF Oyashio transports near Hokkaido
(2-12 Sv from the geostrophic field from the inverse
method in Table 2(c)). The water with high Oyashio mix-
ing ratio (>0.7) near Hokkaido (blue or purple bars in
Fig. 1) flowing southward reached the Kuroshio Exten-
sion east of Japan (blue or purple bars flowing southward
across 39°N in SO9805 and SO0010, and 38°N in
HK0105). When the water came out of the box acrossthe
147°E section, the water changes its Oyashio mixing ra-
tio to 0.5-0.6 (green bars along 147°E in Figs. 1(b) and
(c)). The water flowing along the KE axis has properties
intermediate between Oyashio and Kuroshio waters, prob-
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ably because of mixing along the Kuroshio Extension.
These results indicate that cross-nearshore SAF Oyashio
water flows southward, encounters the Kuroshio waters,
and then strong mixing occurs between Oyashio and
Kuroshio water in the area east of Japan; and that Oyashio
water crossing SAF near Hokkaido flows into the area
south of the KE mainly along the KE axis.

Table 4 shows that the Oyashio transports through
the MWR (-0.4 and 4.2 Sv in the SO0010 and HK0105
cruises, respectively, from the geostrophic velocity field
found using the inverse method) are smaller than or com-
parable with the cross-offshore-SAF Oyashio transports
of 5.1 and 4.0 Sv in SO0010 and HKO0105 cruises, re-
spectively, found from the inverse method in Table 3. The
transport diagrams along the 150°E of HK0105 and
SO0010 (Fig. 7) show that an outflow of Oyashio water
from the box through the MWR mainly occurs around
the offshore SAF or SAB with continuous eastward bars
around 40°N along 150°E. Thus, the cross-offshore-SAF
Oyashio water flows eastward through the MWR, mainly
around the offshore SAF, and some part of the Oyashio
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Fig. 8. Vertical cross-sections along 162°E from the HK0207 cruise. (a) Salinity (psu), (b) temperature (°), (c) potential vorticity
(1/ms), (d) adjusted geostrophic velocity (cm/s), with potential density (gg) contours (Cl = 0.1).

water across the offshore SAF reaches the Kuroshio Ex-
tension, because the cross-offshore-SAF Oyashio trans-
ports (3) are greater than the outflow Oyashio transport
in the MWR across 150°E (4).

6. NPIW and Oyashio Transport at 162°E

Here we examine the water properties and transport
of NPIW inthefurther offshoreareain the MWR at 162°E
between 37-46°N using CTD/L-ADCP data obtained in
the HK 0207 cruise (Table 1). Figure 8 shows the vertical
cross-sections at 162°E of temperature, salinity and po-
tential vorticity with potential density contours and also
the section of zonal velocity from L-ADCP. SAB was|o-
cated around 40.5°N (Stas. 18-20), to the south of which
relatively high-salinity subtropical water superposed over
salinity minimum with asalinity of 33.9-34 psu at around
26.704 This salinity minimum water is typical of that
observed in the MWR (“Type-111" in Yasudaet al., 1996;
“Subtropical Transitional Water” in Talley et al., 1995).
In the area north of SAB, a hydrographic structure was
observed peculiar to the so-called “ Transition Domain”
(Favorite et al., 1976; Ueno and Yasuda, 2000, 2001). In
the Transition Domain, the salinity roughly increases with
depth asin the subarctic regions; however, isopycnal tem-
perature and salinity are greater than the values in the

subarctic region and less than those south of SAB. The
changesin water properties are remarkable in the density
range less than 26.60, across SAB. Isopycnal salinities
inthe density range of 26.6-27.40, (NPIW density range)
also change across SAB; the Oyashio mixing ratios change
from 0.42 (average south of SAB) to 0.64 (average north
of SAB). The Oyashio mixing ratio is quite uniform be-
tween 37°N and SAB and it tends to increase with lati-
tude north of SAB from 0.57 at SAB t0 0.75 at 46°N where
the observation line did not cross the SAF, because pure
Oyashio water was not observed. When we look more
closely at the Transition Domain north of SAB, we can
see aweak salinity minimum at 26.5-26.60, with a tem-
perature minimum and potential vorticity (PV) minimum
as shown in Figs. 8(a), (b), and (c). This PV, salinity and
temperature minimum water might correspond to the
dense part of Central Mode Water that was observed in
the Transition Domain (Yasuda et al., 1994; Yasuda,
2003).

The net eastward Oyashio (Kuroshio) transport
across 162°E in the density between 26.7-27.40,was 11.3
Sv (4.9 Sv) between SAB and 46°N and 5.4 Sv (5.6 Sv)
between SAB and 37°N from the adjusted geostrophic
velocity field. The Oyashio transport of 11.3 Sv north of
the SAB is greater than the cross-offshore-SAF Oyashio
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transport west of 150°E (5-6 Sv). That is, the Oyashio
water transport between SAF and SAB increases by about
5 Sv from 150°E to 162°E. This suggests that isopycnal
mixing along the SAF further proceeds in the downstream
direction from 150°E to 162°E.

Asshown in the zonal velocity section (Fig. 8(d)), a
relatively large eastward velocity was observed around
SAB at 40.5°N and near SAF at around 46°N. This is
consistent with the intermediate water flow field obtained
from subsurface profiling floats by Iwao et al. (2003).

7. Summary and Discussion

Hydrographic and direct current data with CTD/L-
ADCPinthe MWR and the Kuroshio Extension regionin
the North Pacific obtained in May 1998, October 2000,
May 2001 and July 2002 have been used as a basis for
discussing the transports of Oyashio water through the
MWR and the Kuroshio Extension region. Two kinds of
velocity fields were used in this study other than the
geostrophic velocity relative to 1500 dbar; one is the
geostrophic velocity adjusted to L-ADCP profile and the
other conserves the volume and temperature/salinity
fluxes obtained by an inverse method. The Oyashio mix-
ing ratios of sampled waters were calculated from tem-
perature and salinity data assuming isopycnal mixing
between pure Oyashio and pure Kuroshio waters, and the
volume transports of the Oyashio component were esti-
mated as the volume transport multiplied by the Oyashio
mixing ratio.

There are two pathways of the Oyashio flowing into
the area south of Subarctic Front (SAF). One is a direct
Oyashio intrusion along the western boundary near the
coast of Hokkaido, and the other occurs around the off-
shore SAF probably due to isopycnal mixing (eddy dif-
fusion) around SAF. From the transport estimate of the
Oyashio component through the former process (OY 1 in
Fig. 9), a seasonal variation was detected; the cross-
nearshore-SAF Oyashio transport flowing southward
along the south coast of Hokkaido is larger in the spring
of 1998 and 2001 (5-10 Sv) than in the autumn of 2000
(04 Sv) in the density range 26.6-27.40,; the annual
mean transport was estimated to be 4.2 Sv. This change
was related to the variation in the southwestward Oyashio
transport flowing near the Hokkaido coast, correspond-
ing to the seasonal variation of the western subarctic gyre
(e.g. Kono and Kawasaki, 1997; Isoguchi et al., 1997
Yasudaet al., 2000). Kono and Kawasaki (1997) reported
a large seasonal variation (strong in winter-spring and
weak in summer-fall) in the southwestward Oyashio trans-
port using repeated hydrographic observations and
moored current meters. Most of this cross-nearshore-SAF
Oyashio water flowed southward along the east coast of
Japan and reached the Kuroshio Extension, mixed with
the subtropical water transported along the Kuroshio, and
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Fig. 9. Schematic illustration oft the pathways of the Oyashio
water intrusions across the SAF into the MWR, Transition
Domain and the Kuroshio Extension region in the north-
western Pacific. The cross-nearshore-SAF Oyashio water
near the western boundary (OY 1) reaches the Kuroshio
Extension in the area east of Japan and flows eastward along
the Kuroshio Extension, being mixed isopycnally with the
Kuroshio water. The cross-offshore-SAF Oyashio water
across the offshore subarctic front (OY 2) is mixed around
the subarctic front, and the eastward Oyashio transport in
the Transition Domain increase in its downstream.

then together flowed eastward along the Kuroshio Ex-
tension or southward across the Kuroshio Extension (Fig.
9). Hencethis cross-nearshore-SAF Oyashio transport can
be said to be direct cross-gyre transport from the subarctic
to subtropical gyres through the western boundary cur-
rent of the Oyashio, because the Kuroshio Extension is
the western boundary current of the subtropical gyre.
The cross-offshore-SAF Oyashio transport (OY2in
Fig. 9) was examined in October 2000 and May 2001. In
both the observations, about 6 Sv of Oyashio water, which
had already experienced mixing with subtropical water
and had a salinity minimum structure, flowed into the
MWR across the offshore SAF. These estimates of 6 Sv
from the adjusted geostrophic velocity or velocity field
obtained by the inverse method are different from the
value estimated from the relative geostrophic velocity,
indicating that the velocity around the offshore-SAF re-
gion had a structure extending deeper than 1500 dbar.
Considering this cross-offshore SAF transport of
Oyashio water as well as the cross-nearshore-SAF
Oyashio transport, the total cross-SAF Oyashio transport
across the SAF west of 150°E amounts to over 10 Sv,
which is much larger than the previous estimates of 3—7
Sv (e.g. Talley et al., 1995; Yasuda et al., 1996, 2001,
2002; Yasuda, 1997; Talley, 1997; Hiroe et al., 2002;
Shimizu et al., 2003). Anthropogenic carbon (ex-CO,)



transports though NPIW could be greater than previous
estimates; Ono et al. (2003) estimated ex-CO, into NPIW
to be 0.045 + 0.020 GtC/yr on the basis of the present
study, which contributes about 35% of the annual ex-CO,
accumulation of the whole temperate North Pacific.

Downstream of the confluence of Oyashio and
Kuroshio waters, the meridional width between the SAF
and the SAB (that is, the Transition Domain) becomes
progressively wider with longitude, and the Oyashio east-
ward transport in the MWR and the Transition Domain
becomeslarge (about 6 Sv at 150°E and 11.3 Sv at 162°E).
Thisresult is consistent with those of Miyao and I shikawa
(2003) and Iwao et al. (2003) who reported that the east-
ward Oyashio (Kuroshio) component transport in the area
from the SAB to SAF at 152°E and 165°E were 5.0 and
13.8 Sv (1.4 and 4.7 Sv) respectively, based on the
geostrophic velocity fields relative to 2000 dbar. This
increase of the eastward transport with longitude in the
Transition Domain and MWR suggests that isopycnal dif-
fusion around the SAF and SAB proceeds in the down-
stream direction and the diffused Oyashio water is fed
into the Transition Domain (Fig. 9).

Appendix. Inverse Method

The adjoint inverse method (Wunsch, 1996) was used
in this paper. What we want to estimate are the velocities
between stations conserving the volume transport in the
surface and two intermediate density layers, and the tem-
perature/salinity fluxes in the two intermediate density
layers. So the number of the unknown variables is the
number of the station-pairs in each observation, M.

Since the balances of volume transport for the three
density layers and the balance of temperature/salinity
fluxesfor thetwo intermediate density layers (see 2.2.2.3)
in the box enclosed by the observational lines are con-
straints in this inverse model, the five model equations
can be written in matrix form as

Ax =q, (AL)

where A isan N x M matrix (N = 5) corresponding to the
area of the density layer between each station, and g isan
N x 1 vector whose elements are the excess of volumes
and temperature/salinity fluxes in the box from the
geostrophic velocity fields relative to 1500 dbar.

Furthermore, since the estimated velocities at the
reference level of 1500 dbar should be close to the ve-
locities calculated in the procedure using the adjusted
geostrophic velocity, we added the data equations to this
eguation system. The data equations, the number of which
isequal to the number of unknowns, M, can be written as
follows:

Ex+n=y, (A2)

where E is a unit matrix (M x M), nisa (1 x M) vector
whose elements are the uncertainties of the observed ve-
locities, and y isa (1 x M) vector of the velocities cal cu-
lated in the procedure of the adjusted geostrophic veloc-
ity field.

Considering the Lagrange multiplier, an objective
function, J, can be set as

J=(Ex-y)"(Ex-y) -2u"(Ax—q),  (A3)

treating both u and x asindependently varying unknowns.
After setting the derivatives of J with respect to g and x
to zero, the solution X and the covariance matrix P are
produced as

x=%, +(ETE) "ATRA(ETE) AT gl(q ~A%,),  (A4)

P

=0 gET E)” - (ETE) "ATA(ETE) AT glA(ET E)_l§
(A5)

where X, = (ETE)E'y, and o is the value to which a
row scaling of the data equations is applied so as to set
all elements of vector n. This solution X perfectly satis-
fies the constraint (A1) and is as close as possible to the
adjusted geostrophic velocity field in the least square
sense, considering their uncertainties.

The measurement error of L-ADCP and the error
proportional to the velocity are here considered as uncer-
tainties. The former is at most 3 cm/s, considering that
the depth interval where the shear of the horizontal ve-
locities are averaged is 5 m, the number of the data in
each 5 m depth interval is about 100, the standard devia-
tion of the shear is about 3.3 x 10~ s, the standard de-
viation of the velocity measured by the instrument is re-
ported to be 2 cm/s, and the accuracy of the position mea-
sured by the Differential-GPS is about 20 m. The latter is
assumed to be the same as the velocity at 1500 dbar or at
the bottom, because the unsteady state of the currents
could cause alarge velocity error in the area where cur-
rent structures change temporally and spatially around the
Kuroshio Extension, and unsteadiness of the currents
could occur when the velocity is large.
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