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This paper describes a reanalysis of the variability of water mass properties and cur-
rents in the western North Pacific using an ocean forecast system, Japan Coastal Ocean
Predictability Experiment 2 (JCOPE2), to provide the basic description and infor-
mation about the quality for data users. We have created the reanalysis data with
high horizontal resolution of 1/12° to describe the oceanic variability associated with
the Kuroshio-Kuroshio Extension, the Oyashio, and the mesoscale eddies from 1993
to 2007. The products made by an eddy-resolving ocean model combined with the
three-dimensional variational data assimilation well reproduced the mean water mass
property in the western North Pacific and the interannual variations of the Kuroshio-
Kuroshio Extension and the Oyashio coastal branch. From the reanalysis data, we
found that both the mean kinetic energy of the Kuroshio Extension axis at the first
meandering crest and southward intrusion of the Oyashio coastal branch were closely
related with the horizontal distribution of both the Oyashio Water and North Pacific
Intermediate Water within the appropriate interannual time scale. The reanalysis
data also indicated that the north-south migration of the Kuroshio Extension associ-
ated with its regime transitions affected the decadal modulation of the Subtropical
Mode Water formation in the recirculation gyre of the Kuroshio Extension.

merged using a data assimilation technique (Daley, 1991)
to prepare the initial state of the forecast. This merging
procedure is usually called “analysis”. Since the analysis
data (merged data) provides an optimum estimation of
the oceanic condition based on both the model and ob-
servation, the analysis can be used to diagnose sparsely
observed phenomena. To improve the forecast accuracy,
however, the operational ocean forecast systems often
require updates of parameters and numerical schemes in-
cluded in the ocean models and data assimilation compo-
nents. Thus the time sequences of the analyses sometimes
show unrealistic jumps in state variables between before
and after changes of the systems. To describe oceanic
conditions during particular period in a consistent man-
ner, it is quite useful to reconstruct the oceanic condi-
tions without any change of the model and data assimila-
tion schemes using almost all available observation data.
This procedure is called “reanalysis”.

1.  Introduction
Combining ocean models and observation data, op-

erational numerical ocean forecast has allowed us to pre-
dict variations of the western boundary currents and
mesoscale eddies with a timescale of an order of 10 days
(e.g., Ezer and Mellor, 1994; Kagimoto et al., 2008). In
such an operation, the model and observation data are
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In the last several years, a number of ocean reanalyses
over multi decades have become available and have been
used for analyses of water mass variability. However, most
of the available reanalyses are mapped on a horizontal
coarse grid of approximately 1° (e.g., Carton and
Santorelli, 2008). Our study is the first attempt to exam-
ine the interannual water mass variability in the western
North Pacific using the ocean reanalysis data with a high
horizontal resolution of 1/12°.

One of the important applications of reanalysis is
statistical analysis to find the physical relationships be-
tween different physical variables, for example, between
currents and water masses. To check the suitability of our
data for this sort of analysis, we examined how the water
mass variability associated with North Pacific Interme-
diate Water (NPIW) and Subtropical Mode Water (SMW)
was statistically related to the ocean current variations
using our reanalysis data.

The western North Pacific has a complicated ocean
current system with significant water mass variability
(e.g., Yasuda, 2003). The Kuroshio transports a large
amount of warm and saline water to the south of Japan.
The Kuroshio Extension formed by separation of the
Kuroshio from the coast of Japan and the Oyashio which
transports cold, fresh water creates the mixed water re-
gion east of Japan. The Kuroshio Extension is quite pow-
erful; it makes stationary meanders and sheds warm and
cold eddies through their separations from the meander
crests and troughs. The Oyashio Water forms a front near
the Japanese coast as a part of the subarctic front. Two
branches of the Oyashio water, a coastal branch and an
offshore branch, intrude southward from the Oyashio front
and interact with the meander crests of the Kuroshio Ex-
tension and the warm eddies.

NPIW is characterized by a salinity minimum in in-
termediate layers of the subtropical region (e.g., Reid,
1965; Yoshinari et al., 2004). Hasunuma (1978) suggested
that the salinity minimum was not a sign of water mass
but a boundary between the lower layer water originating
from the subarctic region and the upper layer water origi-
nating from the subtropical region. Recent studies using
high horizontal resolution temperature and salinity ob-
servations and high-resolution numerical modeling sug-
gested that NPIW could be formed by isopycnal diffu-
sion of the Oyashio and Kuroshio waters (Talley, 1993;
Yasuda et al., 1996; Ishizaki and Ishikawa, 2004) and by
meridional overturning circulation with diapycnal and
cross-gyre transports associated with water mass forma-
tion in the Okhotsk Sea (Yasuda, 1997; Tatebe and Yasuda,
2004). There are a few studies investigating interannual
and decadal variations of NPIW. For example, Nakano et
al. (2005) revealed that interannual variation of NPIW
core size at 137°E was well correlated with that of the
recirculation intensity associated with the intensity of the

subtropical gyre.
SMW is also one of the typical water masses in the

northwestern subtropical region (Masuzawa, 1969). It is
characterized by a pycnostad between the seasonal and
main pycnoclines, and is formed by regional wintertime
convective cooling (e.g., Suga and Hanawa, 1995b). Al-
though the thickness of SMW in the western North Pa-
cific is basically governed by the intensity of the winter
monsoon, it is also influenced by the dynamic states of
the Kuroshio and Kuroshio Extension (Suga and Hanawa,
1995a; Qiu and Chen, 2006; Qiu et al., 2007).

As suggested by previous observational studies, the
dynamic states of the Kuroshio, Kuroshio Extension, and
Oyashio affect the water mass variability in the western
North Pacific. In the mixed water region, because
mesoscale eddy activities were very high, it has been dif-
ficult to investigate detailed relationships between the
oceanic conditions and the variability of water mass prop-
erties owing to lack of long term hydrographic data with
high horizontal resolution. By combining satellite
altimetry data and dense observation by profiling floats,
Qiu et al. (2007) recently showed that the mesoscale ed-
dies actually weakened SMW’s thickness in the
recirculation region of the Kuroshio Extension within a
period of less than 7 months.

In this paper we describe the 15-year eddy-resolv-
ing ocean reanalysis data from 1993 to 2007. Continuous
operation of satellite altimetries after the launch of
TOPEX/Poseidon in 1992 allowed us to reproduce the
oceanic variability including the Kuroshio, its Extension
paths and mesoscale eddies over the past 15 years (e.g.,
Uchida and Imawaki, 2003; Ambe et al., 2004). We have
reconstructed the oceanic states in the western North Pa-
cific using a high-resolution ocean general circulation
model together with the assimilation of both the satellite
and in-situ data. Since the reanalysis data provide uni-
formly gridded oceanic states over particular period, it is
useful for various kinds of studies. Some researchers have
already used our data for their studies. The purpose of
this study is to provide users with a basic description and
information about the skills of our reanalysis data.

Previous version of the ocean forecast system
(JCOPE1; Miyazawa et al., 2004, 2005, 2008a; Kagimoto
et al., 2008) was used to analyze the Kuroshio path vari-
ation south of Japan. The water mass properties repro-
duced by JCOPE1 had significant biases in the western
North Pacific despite data assimilation (Yoshinari et al.,
2008). We modified both the model and data assimilation
schemes for better representation of the water mass prop-
erties in the western North Pacific, especially in the mixed
water region. Our operational forecast system (http://
www.jamstec.go.jp/frcgc/jcope/) has been updated to
JCOPE2 from JCOPE1 in November 2006.

This paper is organized as follows. In Section 2, we
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describe the configuration of the JCOPE2 ocean forecast
system. In Section 3, we present climatological mean
states of the 15-year data. In Section 4, we describe skills
of the 15-year data for variability of the Kuroshio,
Kuroshio Extension, and Oyashio coastal branch. Then
we discuss the relationships between the interannual vari-
ation of the oceanic conditions and that of both NPIW
and SMW as found in the 15-year data. Section 5 con-
tains a final summary and discussion.

2.  The JCOPE2 Ocean Forecast System

2.1  Ocean model
The ocean model in the JCOPE2 system is based on

the Princeton Ocean Model with a generalized coordi-
nate of sigma (POMgcs; Mellor et al., 2002). A high-reso-
lution regional model with a spatial grid of 1/12° and 46
vertical levels was embedded in a low-resolution model
with a spatial grid of approximately 1/4° and 21 sigma
levels, covering the almost entire Pacific region (30°S–
62°N, 100°E–90°W). The bottom topography of the low-
resolution model was created from the 1/12° global height
data, GETECH DTM5. The lateral boundary conditions
of the low-resolution model are the monthly
climatological temperature and salinity (Conkright et al.,
2002) with zero velocity.

The inner high-resolution model domain covers the
western North Pacific (10.5°–62°N, 108°–180°E); and its
lateral boundary conditions are determined from the ba-
sin-wide model using a one-way nesting method with the
flow relaxation scheme (Oey and Chen, 1992; Guo et al.,
2003). The bottom topography of the high-resolution
model was also created from the 1/12° data, DTM5. In
addition, the 1/108° data, JTOPO30, was embedded in
the coastal sea around Japan and the 1/12° bottom topog-
raphy data used by Uehara et al. (2002) was embedded in
the East China Sea.

Because the western North Pacific has a wide range
of variability in both the bottom topography and water
mass properties, some errors in the baroclinic pressure
gradient generated in the sigma coordinate systems with
a steep bottom slope may contaminate the calculation
(Mellor et al., 1994). Thus, the bottom topography in both
the low- and high-resolution models has been smoothed
to reduce the pressure gradient error (Mellor et al., 1994).
The maximum bottom slope between two adjacent grid
points was constrained by the inequality, |H1 – H2|/|H1 +
H2| ≤ 0.15. In addition, we have modified the POMgcs to
reduce the errors by replacing the second order scheme
of baroclinic pressure gradient with the fourth order
(McCalpin, 1994).

To exclude small scale noises in temperature and
salinity distributions, we replaced the central advection
and harmonic diffusion schemes for temperature and sa-

linity with the flux-corrected transport (Boris and Book,
1973) and bi-harmonic schemes (Griffies and Hallberg,
2000), respectively. The horizontal viscosity was calcu-
lated by the Smagorinsky-type formulation with a coeffi-
cient of 0.2. The horizontal diffusivity coefficient was
assumed to be one-half of the viscosity coefficient.

The model was driven by wind stresses, and heat and
salt fluxes. The wind stress and heat flux fields were cal-
culated from the 6-hourly National Centers for Environ-
mental Prediction/National Center for Atmospheric Re-
search (NCEP/NCAR) reanalysis data (Kalnay et al.,
1996), using bulk formulae (Kagimoto et al., 2008). In-
stead of the observed sea surface temperature with hori-
zontal coarse resolution (2°) included in the NCEP/NCAR
data, the high-resolution model used its output of sea sur-
face temperatures for the calculation of the bulk formu-
lae. This improved the low (high) surface temperature bias
in the marginal seas in winter (summer). Salinity at the
ocean surface is restored to the monthly mean climatol-
ogy data (Conkright et al., 2002) with a time scale of 30
days. In both the Okhotsk and Bering Seas, temperature
and salinity are relaxed to the monthly climatology
(Conkright et al., 2002) with a restoring time scale of 30
days to improve water mass property in the Mixed Water
Region (Mitsudera et al., 2004).

The low-resolution model is spun-up for 15 years by
the monthly mean surface forcing from an initial condi-
tion of no motion with the annual-mean temperature and
salinity fields created from the climatology (Conkright
et al., 2002). The high-resolution model is also run from
the same initial condition. The lateral boundary condi-
tion of the 5-year spin-up run of the high-resolution model
is calculated using the spin-up results of the low-resolu-
tion model over the last 5 years. Then both the low- and
high-resolution models are driven by the 6-hourly sur-
face forcing during the period from October 1992 to Janu-
ary 2008.

2.2  Data assimilation
The following observation data were assimilated into

the model: along-track sea surface height anomaly
(SSHA) obtained from the TOPEX/Poseidon and ERS-1,
2 satellites during the period December 1992 to January
2002 and from the Jason-1 and Geosat Follow-On during
the period January 2002 to January 2008; sea surface tem-
perature (SST) obtained from the Advanced Very High
Resolution Radiometer/Multi-Channel Sea Surface Tem-
perature (AVHRR/MCSST) products; and vertical profiles
of temperature and salinity obtained from the data archive
of the Global Temperature-Salinity Profile Program
(GTSPP; see http://www.nodc.noaa.gov/GTSPP/
index.html). We used the delayed-mode archive of GTSPP
(“Best Copy Data Sets”), which were assembled to pro-
vide the most complete data sets without duplication.
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Notice that the GTSPP archive includes no salinity pro-
files from 1995 to 1999 in the western North Pacific,
which slightly affected the accuracy of the reanalysis data
(see Section 3).

The data assimilation procedure in our system com-
prises two steps: the creation of temperature-salinity
analysis data on a three-dimensional uniform grid by the
variational assimilation method (Fujii and Kamachi,
2003), and incremental analysis update (IAU) (Bloom et
al., 1996) of the analysis data for smooth initialization.

The variational assimilation method minimizes a cost
function that represents the sum of the square distances
between the analysis and the observations. The grid of
the analysis temperature and salinity has horizontal reso-
lution of 1/4° and 24 vertical levels on the z-coordinate
from a depth of 0 m to 1500 m. The cost function J is
written in the form of a function of the analysis tempera-
ture and salinity (X),
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where B is the background error covariance matrix for
the first guess; yo is a column vector whose elements are
the observed variables; H denotes an operator for a pro-
jection from the model variables to the observed vari-
ables. HT, HS and HSST are bilinear interpolation opera-
tors. HSSHA is a nonlinear operator for calculation of the
sea surface dynamic height; R denotes an observation er-
ror covariance matrix. At the time of the analysis, by mini-
mizing the cost function (1) with the use of a conjugate
gradient method, we obtained the analysis temperature
and salinity. We created the analysis with an interval of 7
days. The time windows of observed SSHA, SST, and
vertical profiles of temperature and salinity used in the
cost function (1) are 10, 10, and 20 days, respectively.

By using temperature and salinity coupling EOF
modes (ETi, ESi), the analysis temperature (T) and salin-
ity (S) are represented as follows:

X T S T S D E D Ef f
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where Xf = (Tf, Sf) are first guess values; αi are ampli-

tudes of the EOF mode; DT(S)z are standard deviations of
temperature (salinity) variations at z levels calculated
from the historical data archives; and λi are the singular
values of the EOF mode. The control variables of the
analysis temperature and salinity for the cost function (1)
are amplitudes of the EOF modes, αi. We calculated the
EOF modes from the historical data archives of tempera-
ture and salinity profiles (World Ocean Database 2001)
and Marine Information Research Center Ocean Data Set
2001) in six regions: subarctic region (39.5°–55°N, 140°–
180°E); mixed water region (37°–45°N, 140°–180°E);
Kuroshio–Kuroshio Extension region (22°–33°N, 120°–
180°E); subtropical region (12°–27.5°N, 120°–180°E);
the southern part of the Japan Sea (35°–39°N); and the
northern part of the Japan Sea (41°–53°N). Because the
first twelve modes can represent over 95% of the observed
variability in all regions, we used the first twelve EOF
modes for calculation of the analysis, i.e., M = 12 in (2).

Although the three-dimensional variational assimi-
lation method using the temperature-salinity coupling
EOF modes has already been used in the other type of the
operational ocean forecasting model (Usui et al., 2006),
it was quite important to customize the data assimilation
method for an individual ocean model by investigating
sensitivities of the parameters. We found that relatively
sensitive parameters for the estimation of the analysis
temperature and salinity using the minimization of the
cost function (1) were the EOF modes (ETi, ESi), error
covariance matrices B and R, first guess Xf, and the mean
sea surface dynamic height (SSDH) field that is neces-
sary for calculation of the model SSHA.

We assumed that the components of the background
error covariance matrix B have horizontal correlation that
is supposed to be a Gaussian function:

exp / / ,− −( ) ( )x S y Sx y
2 2 2 2 3

where x and y are distances between the grid points along
eastward and northward directions, respectively; Sx and
Sy are horizontal scales that were assumed to be constants
in the regions except for the Kuroshio-Kuroshio Exten-
sion region (see Appendix) and determined according to
the estimates obtained by the statistical analysis of satel-
lite altimeters (Kuragano and Kamachi, 1999).

The observation covariance R was supposed to be a
diagonal matrix; the observation data have no correla-
tion with each other. We assumed that the observation
error of the satellite SST was 1.0°C and that of SSHA
was 0.05 m except for the Kuroshio-Kuroshio Extension
region (see Appendix). The observation error of in-situ
temperature and salinity was specified as follows:

T S S Serr
o
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o

Sz= −( ) = − = −( ) ( )1 1 0 7 0 9 4σ σ σ,   ( )  . . .
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The prescribed error of first guess temperature and salin-
ity was related with the observation error.

T T S Serr
f

Tz err
f

Sz= = = −( ) ( )σ σ σ,    . . .0 7 0 9 5

The parameter σ provides the relative weight of the first
guess temperature and salinity compared to the observa-
tion.

We used both the climatology data Xclim and model
variables Xmodel for the first guess:
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where Gradh is the horizontal gradient of temperature at
200 m depth; | | indicates the two-dimensional vector
norm. Scheme (6) increases the weight of the model (cli-
matology) for the first guess value at the grid point where
the horizontal temperature gradient is large (small). Use
of scheme (6) significantly reduced biases involved in
the water mass property represented by the assimilation
product.

The mean SSDH is necessary to calculate the model
SSHA because not SSDH but SSHA of the satellite al-
timeter is available from the satellite altimeters. We cal-
culated the mean SSDH from the annual mean climatol-

ogy (Conkright et al., 2002) and modified the obtained
mean SSDH in the Kuroshio region with that from a pre-
vious version of our ocean forecast system (JCOPE1;
Kagimoto et al., 2008; Miyazawa et al., 2008a). This is
because that the Kuroshio path southeast of the Kii Pe-
ninsula appearing in the SSDH calculated from the an-
nual mean climatology was similar to the large meander
path, but the observed mean Kuroshio path during the
assimilation period from 1993 to 2007 was the non-large
meander path. Thus only for the Kuroshio region, we used
the mean SSDH from the JCOPE1 product over the pe-
riod from November 2002 to October 2006 during which
the mean Kuroshio path was the non-large meander path
(Miyazawa et al., 2008a).

Using the analysis temperature and salinity, we con-
ducted the IAU procedure for data from December 1992
to January 2008 and stored the daily mean data, referred
to as the reanalysis data. The reanalysis data from Janu-
ary 1993 to December 2007 were used for the present
analysis.

3. Mean State and Water Mass Properties Repro-
duced by the Reanalysis Data from 1993 to 2007
Figure 1(a) shows the volume transport stream func-

tion calculated from the mean velocity field of the 15-
year reanalysis data. The subtropical gyre, which con-
sists of the North Equatorial Current, Kuroshio, and
Kuroshio Extension, is well represented. The Ryukyu
Current east of the Kuroshio main stream in the East China
Sea (Zhu et al., 2003) and the Kuroshio recirculation south

(a)
(b)

Fig. 1.  (a) Volume transport stream function of mean flow calculated from the reanalysis data within 1993 to 2007. Contour
interval is 10 Sv. Regions of the stream function upper than 20 Sv are shaded. (b) As in (a) except for the magnified view
showing the Japanese coastal ocean. Lines indicate sections along which the mean volume transports were calculated (Table
1).
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of the Shikoku Island (Imawaki et al., 2001) can also be
identified. The mean Kuroshio path southeast of the Kii
Peninsula during the reanalysis period from 1993 to 2007
is the non-large meander path (Miyazawa et al., 2008a).
The reanalysis produces a strong flow of the Kuroshio
Extension with the two crests at 143°E and 148°E. The
intensity of the Kuroshio Extension weakens east of
155°E, indicating its bifurcation around the Shatsky Rise.
These features of the Kuroshio Extension are consistent
with observation (Mizuno and White, 1983). The East
Kamchatka current originates from the Bering Sea and
flows southwestward along the continental slope. The
cyclonic circulation accompanied with the Oyashio
coastal intrusion along the Honshu Island intensifies the
Kuroshio Extension. The return flow of the Oyashio to-
gether with the strong recirculation flow forms the coastal
and offshore branches of the Oyashio. We compared mean
volume transports along some sections (Fig. 1(b)) across
the main currents with the observed data (Table 1). The
reanalysis transports were of the same order as those re-
ported by previous studies.

To check the accuracy of the reanalysis data for the
mean water mass properties of the western North Pacific,
we compared the reproduced temperature and salinity
profiles with the observed profiles in detail. Since the
reanalysis combines the information of remote and in-
situ observations by assimilating SSHA, SST, and in-situ
profiles obtained from the GTSPP archive, we examined
the fit of the reanalysis data for the GTSPP profiles to
check whether the assimilation worked well or not. We
compared temperature-salinity diagrams of the reanalysis
data with diagrams of in-situ observed profiles averaged
over the period from 1993 to 2007 (Fig. 2). The diagrams
of the reanalysis data correspond fairly closely with the
observations in the subarctic, mixed water, subtropical
regions, respectively (see Fig. 3 for locations of the re-
gions). The results suggest that the system has assimi-

lated the in-situ observation profiles with only small bi-
ases.

To examine spatial differences in the reproduction
skills, we plotted Root Mean Square Error (RMSE), mean
error (bias), and correlation between the reanalysis and
observed profiles from the surface to a maximum depth
of 1500 m (Fig. 3). The mixed water region shows RMSE

Currents Reanalysis Observations

Taiwan Strait Current (TW) 1.4 1.8 (Wang et al. ,  2003)
Kuroshio in the East China Sea (PN) 32.7 25.4 (Hinada, 1996)
Ryukyu Current (OK) 6.9 6.1 (Zhu et al. ,  2003)
Ryukyu Current (AM) 6.0 16 (Ichikawa et al. ,  2004)
Kuroshio south of Japan (ASUKA) 49.0 42 (Imawaki et al. ,  2001)
Tsushima Warm Current (TS) 2.5 2.64 (Takikawa et al. ,  2005)
Tsugaru Warm Current (TG) 2.1 1.4 (Shikama, 1994)
Soya Warm Current (SY) 0.4 0.7 (Ebuchi et al. ,  2006)
Oyashio (OICE, southwestward) 41.0 31 (Uehara et al. ,  2004)

Table 1.  Comparison of volume transports (Sv) between the reanalysis and observation data. The transports of the reanalysis data
were calculated from surface to bottom along the several sections across the main currents in the Japanese coastal oceans. The
names of the sections (see Fig. 1(b)) are shown in the parentheses.

Fig. 2.  Temperature-salinity diagram of mean profiles from
the reanalysis (open circles) and the in-situ observation data
included in the GTSPP archive (crosses). Left, middle, and
right profiles were means of the data in 45°–60°N, 155°–
175°E (Subarctic Region; SAR), 35°–45°N, 142°–172°E
(Mixed Water Region; MWR), and 20°–35°N, 130°–150°E
(Subtropical Region; STR), respectively. Contour lines de-
note iso-σθ contours.
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Fig. 3.  Root Mean Square Error (RMSE; upper panels), mean error (bias; middle panels), and correlation of the temperature (left
panels) and salinity (right panels) profiles of the reanalysis data by those of the in-situ observation obtained from the GTSPP
archive. Rectangles in the panels indicate the subarctic, mixed water, and subtropical regions used for the calculations of
metrics shown in Figs. 2 and 4.
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higher than 2°C and 0.15 psu east of Japan (upper panels
of Fig. 3) because of the large water mass variability there.
Since RMSE is smaller than the standard deviation of the
observed profiles (not shown), the model has passable
accuracy for the assimilation of the in-situ profiles there.
The Japan Sea shows RMSE higher than 1.5°C and 0.1
psu but it is also smaller than the observed standard de-
viations. In the shelf region of the East China Sea, RMSE
is comparably large compared to the observed standard
deviation owing to there being no assimilation of in-situ
profiles there. In the Pacific, regions of positive tempera-
ture bias higher than 0.5°C are shown around 35°N and
145°–155°E (middle panels of Fig. 3). This is because
the mean Kuroshio Extension path is more north than the
one observed there (see Subsection 4.1). The shelf region
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Fig. 4.  Time sequences of Root Mean Square Error (RMSE;
thick solid curves), mean error (bias; dashed curves) of the
temperature (upper panels) and salinity (lower panels) pro-
files of the reanalysis data for those of the GTSPP data.
Correlation and minimum correlation values required for
statistical significance at the 95% confidence level are also
indicated by thin solid curves with closed circles and dot-
ted curves with open squares, respectively. (a), (b), and (c)
show averaged values in 45°–60°N, 155°–175°E (the
subarctic region), 35°–45°N, 142°–172°E (the mixed water
region), and 20°–35°N, 30°–150°E (the subtropical region),
respectively.
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of the East China Sea shows positive temperature and low
salinity biases. Correlation coefficients for temperature
and salinity are relatively low in this region (lower pan-
els of Fig. 3). In the subarctic regions, correlation is low
for temperature but high for salinity. The lower right panel
of Fig. 3 indicates slightly low correlation for salinity in
the mixed water region, shelf of the East China Sea, Ja-
pan Sea, and near the southern boundary for salinity. In
summary, the reanalysis data is reasonably accurate for
water mass representation in the western North Pacific.

Figure 4 plots time sequences of RMSE, bias, and
correlations of the reanalysis data averaged in the
subarctic (Fig. 4(a)), mixed water (Fig. 4(b)), and sub-
tropical regions (Fig. 4(c)). Since no salinity profile is
archived in GTSPP from 1995 to 1999 for all the three
regions, no precise information for salinity is shown dur-
ing this period. The effectiveness for the subtropical re-
gion is stable throughout the reanalysis period except for
salinity in 1993 and 2001.

In the subarctic regions, the correlation for tempera-
ture varies with the seasonal time scale; the fit is worse

from winter to spring than from summer to autumn. It
was found that the reanalysis data sometimes failed to
represent the surface cooling associated with the
mesothermal structure (intermediate temperature maxi-
mum; Uda, 1963) in the subarctic and mixed water re-
gions. Figure 5(a) is an example indicating that surface
temperature of the reanalysis data in the subarctic regions
had warmer bias in winter.

In the mixed water region, the correlation for salin-
ity shows a temporal variation (lower panel of Fig. 4(b)).
Also, the correlation value averaged over the reanalysis
period was relatively low in this region compared to that
in the other regions (lower right panel of Fig. 3). Figure
5(b) depicts comparison of some salinity profiles in No-
vember 2001, which showed the lowest correlation value
of monthly average (0.66) during the reanalysis period
(lower panel of Fig. 4(b)). The observed profiles had more
complicated features than the reanalysis profiles. In par-
ticular, the reanalysis data did not reproduce low surface
salinity because the surface salinity in the reanalysis data
was basically relaxed to the monthly climatology through
the surface boundary condition and the assimilation at
this time did not effectively correct the temporal and spa-
tial variations in surface salinity. The mixed water region
is included in the storm truck region of the western North
Pacific involving the large variability in precipitation.
Then enough amounts of the salinity observation and/or
more reliable surface boundary condition of salinity are
required to reproduce well the variations of surface sa-
linity in this region.

Note that the fluctuation of the correlation for both
temperature and salinity was moderated from 2002 to
2007 due to the increase of the number of assimilated in-
situ profiles after the launch of the Argo floats
deployments (Feder, 2000).

4. Water Mass Variability Detected in the Reanalysis
Data
The Kuroshio-Kuroshio Extension, Oyashio south-

ward intrusion, and mesoscale eddies play important roles
in water mass variability of the western North Pacific
(e.g., Yasuda, 2003). We investigated the skill of the
reanalysis data for the path variations of the Kuroshio-
Kuroshio Extension, the eddy kinetic energy in the mixed
water region, and the southern end latitude of the Oyashio
coastal branch. Then using the reanalysis data, we exam-
ined relations between the variations of the oceanic con-
ditions described above and the water mass variability of
NPIW and SMW.

4.1  Variability of the Kuroshio Extension
It is well known that the Kuroshio south of Japan

has two stable paths: a large meander path and a non-
large meander path (Yoshida, 1964). During the reanalysis
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Fig. 5.  (a) Temperature profiles of the observation (solid curves
with closed circles) and reanalysis data (dashed curves)
sampled from 40°–62°N and 140°–180°E in February 2001.
The profiles that have correlation values lower than 0.3 are
selected. (b) Same as in (a) except for salinity profiles sam-
pled from 35°–45°N and 140°–180°E in November 2001.
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Fig. 6.  The Kuroshio-Kuroshio Extension paths estimated at weekly interval in each year from 1993 to 2007. Left: estimated
from the surface layer velocities data calculated using drifting buoy and satellite altimetries (Ambe08). Right: estimated from
the velocities of the reanalysis data at 100 m depth.
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period from 1993 to 2007, the Kuroshio almost always
took the non-large meander path except during the 1-year
period of the large meander, August 2004 to August 2005
(Miyazawa et al., 2008a). Using the satellite altimetry
data, recent observational studies (e.g., Qiu et al., 2007)
have discovered that the Kuroshio Extension has two
dynamic regimes: the stable and unstable states. Qiu et
al. (2007) showed that the eddy kinetic energy associ-
ated with the Kuroshio Extension path variation was low
from October 1992 to mid-1996 and from the beginning
of 2002 to the end of 2004, and high from mid-1996 to
the end of 2001 and from the beginning of 2005 to mid-
2006.

To examine the skill of the reanalysis data for the
path variations of the Kuroshio and Kuroshio Extension,
we compared path latitudes of the Kuroshio-Kuroshio
Extension in the reanalysis data with the observed lati-
tudes estimated from the gridded surface geostrophic cur-
rent velocity data with a horizontal resolution of 1/4°
(Ambe, D., K. Komatsu, M. Shimizu, and A. Okuno, 2009,
unpublished manuscript; hereafter Ambe08). Ambe08 is
an updated and extended version of the velocity data made
by combining the historical data archive of drifting bu-
oys and satellite SSHA data (Uchida and Imawaki, 2003;
hereafter UI2003). UI2003 is quite useful to effectively

estimate the Kuroshio path (Ambe et al., 2004).
We estimated the position of the Kuroshio-Kuroshio

Extension path by tracking the grid points of maximum
kinetic energy for velocities at 100 m depth in the
reanalysis data and those for the velocities in Ambe08.
The reason we chose 100 m depth is to avoid the con-
tamination of ageostrophic components. Figure 6 com-
pares the reanalysis and observed weekly Kuroshio-
Kuroshio Extension path from 1993 to 2007. The
reanalysis data likely reproduces both the large (August
2004 to July 2005) and non-large meander (January 1993–
July 2004 and August 2005–December 2007) states of the
Kuroshio south of Japan, and both the unstable (1996–
2001 and 2005–2007) and stable (1993–1995 and 2002–
2004) states of the Kuroshio Extension.

The Kuroshio path variation south of Japan is rela-
tively stable compared with that of the Kuroshio Exten-
sion. As shown in Fig. 7(a), west of 140°E, RMSE of the
path latitude of the reanalysis data for that of Ambe08 is
within approximately 50 km but increases to 150 km east
of 140°E. The absolute value of the mean error (bias) of
the path position indicated by a dashed curve is within 30
km except for 50 km between 145° and 152°E. We also
compared the mean kinetic energy measured along the
Kuroshio-Kuroshio Extension path for the reanalysis data

Fig. 6.  (continued).
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and Ambe08 (Fig. 7(b)). The reanalysis data basically
reproduced distribution of the mean kinetic energy on the
Kuroshio-Kuroshio Extension path.

In the previous version of the JCOPE model
(JCOPE1), the Kuroshio Extension path exhibited a strong
southward bias, with a maximum deviation of 100 km.
The mean kinetic energy of the Kuroshio Extension in
JCOPE1 was approximately half the magnitude observed
(Miyazawa, 2007). The most significant difference be-
tween JCOPE1 (Miyazawa et al., 2008a) and JCOPE2 sys-
tems is the data assimilation component; JCOPE1
(JCOPE2) adopted the multivariate optimum interpola-
tion (the three-dimensional variational assimilation). The
variational assimilation used the temperature and salin-
ity coupling EOF modes obtained from the in-situ obser-
vation data to describe vertical relationships between the
surface (e.g., SSHA or SST) and the subsurface (e.g., tem-
perature and salinity) variables, which were quite impor-
tant for the representation of water mass properties. Re-
gression coefficients obtained from the model simulation,
which were used in the multivariate optimum interpola-
tion of JCOPE1, caused biases of the water mass proper-
ties and the Kuroshio Extension path (Yoshinari et al.,
2008).

The eddy kinetic energy calculated from the
reanalysis SSHA (Fig. 8) shows the transitions between
stable and unstable states similar to those reported by the
previous studies (e.g., see figure 4b in Qiu and Chen,
2006). From Fig. 8, we can define the stable (unstable)
years as being 1993 to 1995 (1996 to 2001) and 2002 to
2004 (2005 to 2007) comparing the eddy kinetic energy
with its average magnitude, 0.157 m2s–2. We calculated
the following indices from both the reanalysis data and
Ambe08: the northernmost latitude and mean kinetic en-
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(a) NLFCKE
Stable (1993–1997) 0.80 (35.8) 0.58 (36.0)
Unstable (1996–2001) 0.84 (36.5) 0.92 (36.4)
Stable (2002–2004) 0.37 (36.0) 0.37 (36.0)
Unstable (2005–2007) 0.70 (35.9) 0.61 (36.0)

(b) MKE
Stable (1993–1997) 0.09 (0.52) 0.11 (0.43)
Unstable (1996–2001) 0.10 (0.47) 0.14 (0.43)
Stable (2002–2004) 0.09 (0.66) 0.11 (0.65)
Unstable (2005–2007) 0.10 (0.55) 0.14 (0.50)

Table 2.  Standard deviations of the indices associated with the
dynamical regimes of the Kuroshio Extension indicating
(a) the northern latitude of the first meandering crest (in
degrees; NLFCKE) and (b) its mean kinetic energy (in
m2s–1; MKE). Standard deviations of the daily mean data
were calculated for the band-pass-filtered values. Numbers
in the parenthese denote the mean values.

Fig. 7.  (a) Root Mean Square Error (RMSE; solid curve) and
mean error (bias; dashed curve) of the latitudes of the
reanalysis Kuroshio-Kuroshio Extension paths (right pan-
els of Fig. 6) by the Ambe08 paths (left panels of Fig. 6).
(b) Mean kinetic energy distributions along the Kuroshio-
Kuroshio Extension paths calculated from the reanalysis
(solid curve) and Ambe08 data (dashed curve).

Fig. 8.  Time sequences of surface eddy kinetic energy of the
reanalysis data averaged in 32°–38°N and 141°–153°E. The
eddy kinetic energy was calculated from SSHA using
geostrophic flow approximation. Solid (dashed) curve in-
dicates daily mean values (band-pass-filtered values within
periods from 1 year to 10 years). Thick lines denote stable
and unstable years of the Kuroshio Extension. Dash dotted
line indicates the temporal average magnitude, 0.157
m2s–2.
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ergy of the first meandering crest of the Kuroshio Exten-
sion (hereafter FCKE) in 142°–148°E (Fig. 9). Correla-
tions of the interannual variations of the indices between
the reanalysis data and Ambe08 for the northernmost lati-
tude and mean kinetic energy are 0.90 and 0.84, respec-
tively. To quantitatively examine relationships between
the dynamical regimes of the Kuroshio Extension and the
two indices shown in Fig. 9, we calculated standard de-
viations for the band-pass-filtered values and temporal
averages during the unstable and stable periods (Table
2). Both the reanalysis data and Ambe08 indicate smaller
standard deviations for the stable period than for the un-
stable period. This suggests that the variations on the
northernmost latitude and mean kinetic energy of FCKE
were stable (unstable) during the stable (unstable) period
of the Kuroshio Extension. In addition, during the unsta-
ble periods, the mean position of FCKE almost tended to
move northward and its mean kinetic energy was lower
than when compared with the energy during the stable
periods.

4.2  Variability of the Oyashio coastal branch
The Oyashio intrusion along the Japanese east coast
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Fig. 9.  (a) Time sequence of northernmost latitudes of the first meandering crest of the Kuroshio Extension (FCKE) in 142°–
148°E. Left: Ambe08 data. Right: the reanalysis data. (b) As in (a) except for mean kinetic energy along the Kuroshio Exten-
sion path between 142° and 148°E. Solid lines denote stable and unstable years of the Kuroshio Extension.

(Oyashio coastal branch; hereafter OY1) varies with sea-
sonal, interannual, and decadal time scales (Yasuda,
2003). We calculated the daily mean sequence of the
southern end latitude of the OY1 position (Fig. 10(a)) that
is defined as the southern end latitude of grid points with
a temperature of 5°C at 100 m depth. The seasonal mi-
gration of the southern end latitude of OY1 in the
reanalysis data is significant; the climatological monthly
mean of reanalysis data (not shown) shows that OY1
reaches to 37.9°N in May and retreats to 41.1°N in De-
cember. The monthly mean southern end latitude of OY1
estimated from the observation from 1960 to 2001 moves
to 38.8°N in March and April and retreat to 41.2°N in
November (Yasuda, 2003). Since the observed southern
end latitude of OY1 has the largest interannual variabil-
ity in April (Yasuda, 2003), we checked the interannual
variation of the latitude averaged from March to May.
Figure 10(b) compares the averaged southern end lati-
tude with observed data estimated from the in-situ tem-
perature obtained by Japan Meteorological Agency
(JMA). Although the reanalysis data showed southward
bias of approximately 1° compared with the observation,
they reproduced the interannual variation; the correlation
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between the reanalysis and observation data is 0.71. Both
the reanalysis and observation data indicate that OY1 did
not move southward in 1999 as usual but intruded south-
ward in 2004.

We calculated another index: the size of the Oyashio
water region (Fig. 11(a)) that is defined as an area of water
temperature lower than 5°C at 100 m depth in 36°–43°N
and 140°–148°E (JMA, 2006). The size of Oyashio water
varies seasonally in a similar manner to the southern end
latitude of OY1 and also shows interannual variations.
We also compared the size of Oyashio water averaged
from March to May for the reanalysis data with the JMA
observation data (Fig. 11(b)); the correlation is 0.65. The
data well represented two peaks of 1998 and 2006.

4.3 Variability of the North Pacific Intermediate Water
(NPIW)
Yasuda et al. (1996) indicated that the mixture of

low salinity Oyashio water and relatively saline Kuroshio
water (old NPIW) along the Kuroshio Extension just off
the east coast of Japan can produce new NPIW. The mean

salinity of the reanalysis data at 26.7σθ surface (Fig. 12)
shows that the salinity with intermediate value (33.9 <
S < 34.1) corresponding to the new NPIW is distributed
along the Kuroshio Extension between the lower (S <
33.9) and higher (S > 34.1; old NPIW) salinity waters.

Because spatial variability of salinity at 26.7σθ sur-
face in 36°–43°N and 140°–148°E was large (Fig. 12),
we investigated the time sequence of salinity averaged in
this region (Fig. 13). The areal mean salinity shows a sig-
nificant seasonal variation, corresponding well to the sea-
sonal southward intrusion of OY1 (Fig. 10(a)). The
interannual variability indicates high (1993–2001 and
2007) and low (2002–2006) salinity periods. The long-
term in-situ observation at a section along 41.5°N (JMA,
2006) also showed high (1996–2001) and low salinity
periods (2002–2004).

Both FCKE and OY1 highly affect the water mass
variability in the mixed water region (Yasuda, 2003).
Thus, as shown in Table 3, we checked correlations be-
tween the low frequency component of the four indices
describing the conditions of FCKE and OY1 (see Sub-
sections 4.1 and 4.2) and that of the mean salinity. The
four indices likely have meaningful correlations with the
interannual variation of the salinity. Correlations among
the four indices (Table 4) indicate that the southern end
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Fig. 10.  (a) Time sequences of the southern end latitude of the
OY1 estimated from the reanalysis data. The latitude was
defined as the southern end latitude of grid points with a
temperature of 5°C at 100 m depth in 36°–43°N and 140°–
145°E. (b) As in (a) except for mean values from March to
May in each year (thick curves with closed squares). Dashed
curve with crosses indicates the observation obtained by
the Japan Meteorological Agency.

Fig. 11.  As in Fig. 10 except for the size of the Oyashio water
region that was defined as regions with temperature lower
than 5°C at 100 m depth in 36°–43°N and 140°–148°E.
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Table 3.  Correlation coefficients between the indices associated with the oceanic conditions in the mixed water region and the
spatial mean salinity at 26.7σθ surface. Parentheses in the first column indicate symbols of the indices. Third and fourth
columns indicate partial correlation coefficients controlling the southern end latitude of the Oyashio coastal branch (OY1)
and mean kinetic energy of the first meandering crest of Kuroshio Extension (FCKE), respectively.

Fig. 12.  Mean salinity at 26.7σθ surface calculated the
reanalysis data from 1993 to 2007. Contour interval is 0.1.

Fig. 13.  Time sequences of salinity of the reanalysis data at
26.7σθ surface averaged over 36°–43°N and 140°–148°E.
Solid (dashed) curve indicates daily mean values (band-
pass-filtered values with periods from 1 year to 10 years).
Closed circles indicate the estimation based on the regres-
sive equation (7).

latitude of OY1, the eddy kinetic energy in the mixed
water region, and the northernmost latitude of FCKE have
positive correlations with each other. This is consistent
with the dynamics of the mixed water region; the warm
core rings sometimes shed from the northward migrating
FCKE, and the eddy activity due to the variations of FCKE
affects the southward intrusion of OY1. In contrast, the
mean kinetic energy of FCKE does not have so meaning-
ful a correlation with the other indices.

To check the statistical relations among the indices
in more detail, we calculated the partial correlation coef-
ficients (e.g., Storch and Zwiers, 1999), which describe
the regression between two random variables, with the
effect of removing a set of controlling random variables.
We chose two control variables: the mean kinetic energy
of FCKE and the southern end latitude of OY. Both the
eddy kinetic energy and the northernmost latitude of
FCKE show an increase of positive correlation coeffi-
cients controlling the mean kinetic energy of FCKE (third
column of Table 3), but show a decrease of positive cor-
relation coefficients controlling the southern end latitude
of OY1 (fourth column of Table 3). These results suggest

that the eddy kinetic energy and the northernmost lati-
tude of FCKE were more related to the southern end lati-
tude of OY1 rather than to the mean kinetic energy of
FCKE with regard to the effects on the interannual varia-
tions of the mean salinity.

To characterize the oceanic conditions of the mixed
water region in terms of the interannual variations of the
mean salinity at the 26.7σθ surface, we employed multi-
ple regression analysis. We chose the mean kinetic en-
ergy of FCKE and the southern end latitude of OY1 as
the explanatory variables according to the estimate of the
partial correlation coefficients described above. For 15
values in the middle of June with an interval of 365 days
sampled from the low frequency component of the mean
salinity, we constructed a regression equation as follows:

S E Oest K= − + + ( )0 16 0 02 32 9 71. . . ,

where Sest, EK, and O1 are the mean salinity at the 26.7σθ
surface, mean kinetic energy of FCKE, and southern end
latitude of OY1, respectively. The coefficient of multiple
determinations in Eq. (7) was 0.80; the t-statistic values
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for the coefficients of EK and O1 were –3.1 and 2.8, re-
spectively; the Durbin Watson statistic value of (7) was
1.7. The salinity values estimated with Eq. (7) were plot-
ted in Fig. 13. The highest (lowest) value of Sest in the
weak (intense) Oyashio water year 1999 (2004) is char-
acterized by low (high) mean kinetic energy of FCKE and
weak (strong) southward intrusion of OY1 (Fig. 14). The
new NPIW regions in the weak and intense Oyashio wa-
ter years are narrow and broad, respectively.

4.4  Variability of the Subtropical Mode Water (SMW)
Although the thickness of SMW in the western North

Pacific is basically governed by intensity of the winter
monsoon, it is also influenced by the dynamic state of
the Kuroshio Extension (Qiu and Chen, 2006; Qiu et al.,
2007). In particular, Qiu and Chen (2006) suggested that
the dynamic state of the Kuroshio Extension affected the
decadal variation of SMW’s thickness in the recirculation
region of the Kuroshio Extension more strongly than the
overlying atmospheric conditions for the period from 1993
to 2004.

The reanalysis data reproduced both the stable and
unstable dynamic states of the Kuroshio Extension (Sub-
section 4.1). With it, we investigated relationships be-
tween the interannual variability of SMW and that of the
Kuroshio Extension. Figure 15 displays the mean state of
the potential vorticity (PV), (f/ρ0)(∂ρ/∂z), (z is the posi-
tive value of depth; ρ is the density; ρ0 is equal to 1025
kg·m–3; f is the Coriolis parameter) at the 25.4σθ surface.
A closed region south of the Kuroshio Extension with
lower PV indicates the SMW region represented in the
reanalysis data. Comparison of the reanalysis data with
the climatology from in-situ observations (e.g., Suga and
Hanawa, 1995a) indicates that the SMW in the reanalysis
data shows similar spatial patterns to that observed but
its PV value has a positive bias of 1.5–2.0 × 10–10 m–1s–1,
suggesting that the assimilation process still needs to be
improved by adjusting some parameters such as the EOF
modes and/or standard deviations of in-situ temperature
and salinity included in Eq. (2).

The 15-year variation of PV inside the Kuroshio
Extension recirculation gyre in the reanalysis data (Fig.

16) shows that low PV at 300 m depth was intensified in
winter during the stable periods (1993 to 1995 and 2002
to 2004) compared with that in the unstable periods (1996
to 2001 and 2005 to 2007). The mixed layer depth in the
stable periods tended to be deeper than in the unstable
periods. These results are consistent with the analysis
using the historical archive of temperature profiles ob-
tained during the period from 1993 to 2005 reported by
Qiu and Chen (2006). PV at the 25.4σθ surface shows the
similar interannual variation but it also shows an upward
movement of the iso-sigma surface due to heating in the
summer season. The correlation coefficients of the time
sequence of PV at 300 m depth (Fig. 17) with the north-
ernmost latitude of FCKE (right panel of Fig. 9(a)) and
eddy kinetic energy in the mixed water region (Fig. 8)

Table 4.  Correlation coefficients among four indices: mean
kinetic energy of FCKE (MKE), southern end latitude of
OY1 (OY1), eddy kinetic energy in the mixed water region
(EKE), northernmost latitude of FCKE (NLFCKE).

MKE OY1 EKE NLFCKE

MKE — — — —
OY1 –0.31 — — —
EKE –0.09 0.42 — —
NLFCKE –0.02 0.31 0.66 —

(a) 1999

(b) 2004

Fig. 14.  As in Fig. 12 except for annual mean. (a) in 1999.
(b) in 2004.
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were 0.77 and 0.61, respectively. This suggests that the
reanalysis data well reproduced the relationship between
the dynamic state of the Kuroshio Extension and SMW’s
interannual variability. In contrast, the correlation coef-
ficients with the southern latitude of OY1 (Fig. 10(a))
and mean kinetic energy of FCKE (right panel of Fig.
9(b)) were 0.34 and –0.21, respectively.

5.  Summary and Discussion
By using an eddy-resolving ocean forecast system,

JCOPE2, we have created 15-year ocean data of the west-
ern North Pacific with a horizontal resolution of 1/12°
and 46 vertical levels for the period from 1993 to 2007. A
combination of a state-of-the-art eddy-resolving ocean
general circulation model and the remote and in-situ ob-
servation data allowed us to produce realistic high-reso-
lution data (the reanalysis data) of the sea surface height,
velocity, temperature, and salinity on the uniform grid
over the 15 years period. The reanalysis data well repro-
duced the mean water mass property included in the in-
situ observation in the western North Pacific. It also well
reproduced the mean state and interannual variation of
the Kuroshio-Kuroshio Extension path and the southern
end latitude of OY1.

By analyzing the reanalysis data, we investigated the
relationship between the mean salinity in the mixed wa-
ter region and the behavior of FCKE and of the southern
latitude of OY1. Multiple regression analysis suggested
that the mean salinity in the mixed water region varied
with the interannual time scale responding to both the
mean kinetic energy of FCKE and the southern end lati-

tude of OY1. The horizontal pattern of “new NPIW” in
annual mean salinity distribution at 26.7σθ presented a
significant difference between the most saline year of
1999 and the most fresh water year of 2004.

The reanalysis data confirmed the decadal variation
of SMW in the Kuroshio Extension recirculation gyre
reported by Qiu and Chen (2006). The positive correla-

Fig. 15.  PV (in 10–11 m–1s–1) in the reanalysis data at 25.4σθ
surface averaged over the period from 1993 to 2007. The
contour interval is 5 × 10–11 m–1s–1. A region of PV lower
than 60 × 10–11 m–1s–1 is shaded.
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Fig. 17.  As in Fig. 8 except for PV at 300 m depth from Fig.
16.

Fig. 16.  Time sequence of PV in the reanalysis data inside of
the recirculation gyre where SSH subtracted its latitudinal
mean was larger than 0.2 m in 30°–38°N and 140°–155°E.
A thick contour denotes the mixed layer depth, defined as
the depth at which σθ increases by 0.125 kg·m–3. A thin
contour indicates iso-sigma depth of 25.4σθ. Solid (dotted)
horizontal lines at 300 m depth denote stable (unstable)
periods of the Kuroshio Extension (cf. Fig. 6).
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tion between the interannual migration of the northern-
most latitude of FCKE and the PV averaged inside the
recirculation gyre at 300 m depth was significant. Be-
cause the northernmost latitude of FCKE is closely re-
lated with the eddy kinetic energy in the mixed water re-
gion, it is suggested that the relationship between the
dynamic state of Kuroshio Extension and SMW’s thick-
ness in the recirculation region was well reproduced in
the reanalysis data.

The regressive equation (7) suggests that not only
the southward intrusion of OY1 but also the intensity of
FCKE were related to the salinity at 26.7σθ in the mixed
water region. This is consistent with the important roles
of the Kuroshio Extension in the formation of the salin-
ity minimum in intermediate layers suggested by previ-
ous studies. Using the hydrographic data obtained at re-
peated observation sections from 1996–2001, Miyao and
Ishikawa (2003) indicated that the Oyashio transport of
5.0 Sv mixed with the Kuroshio transport of 10.9 Sv
within the layer of 26.6–27.4σθ along the Kuroshio Ex-
tension at 144°E. Shimizu et al. (2004) demonstrated that
the Oyashio waters were entrained in the Kuroshio Ex-
tension using the data of isopycnal-tracking floats. An
OGCM simulation showed the occurrence of isopycnal
mixing of the Oyashio and Kuroshio waters along the
Kuroshio Extension (Ishizaki and Ishikawa, 2004).

Since it is difficult to use the reanalysis data to in-
vestigate the dynamics related to the above relationships,
we carried out an additional simulation for the same 15
years but without the data assimilation. The interannual
component of intensity of FCKE maintained a meaning-
ful negative correlation (–0.65) with that of the salinity
at 26.7σθ in the 15-year simulation results like that in the
reanalysis data. This encourages us to investigate the rel-
evant physical mechanisms included in the simulation
results in the near future.

The in-situ data archive used in the present reanalysis
(GTSPP) did not include most of the data obtained on
coastal repeated hydrographic observation lines operation-
ally conducted by prefectural fisheries research agencies
(hereafter, FR-DATA). Preliminary assimilation experi-
ments with and without FR-DATA performed by the
JCOPE2 system showed that an inclusion of FR-DATA
did not affect the large scale features of the oceanic con-
ditions in the mixed water region discussed in the present
study but yielded a certain impact on the representation
of the local oceanic condition near the Japanese east coast
in the mixed water region (Miyazawa et al., 2008b). We
also found that very few salinity profiles in the western
North Pacific from 1994 to 1999 were archived in the
present version of GTSPP (Fig. 4). In the near future, we
will create another version of the reanalysis data includ-
ing more additional in-situ data obtained from other
sources such as FR-DATA and updated versions of the

World Ocean Database (e.g., Boyer et al., 2006), and fur-
ther investigate more local water mass variability using
it.

Some noticeable biases and RMSEs for in-situ tem-
perature and salinity data were detected in the shelf re-
gion of the East China and Okhotsk Seas (Fig. 3). We
found that the mixed layer modeling of the JCOPE2 in
shallow regions of the marginal seas needed further im-
provements. Also, the present version of JCOPE2
reanalysis does not assimilate the in-situ data there. The
next version of the JCOPE2 reanalysis will use a better
mixed layer model and assimilate the in-situ data in the
marginal seas.

The JCOPE2 reanalysis data and their updated ver-
sions are available from the authors by request. The
JCOPE web site (http://www.jamstec.go.jp/frcgc/jcope/)
provides information about downloading and visualizing
the reanalysis data for users.
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Appendix: Adaptive Estimates of the Error
Covariance for the Kuroshio-Kuroshio
Extension Region

For the Kuroshio-Kuroshio Extension region, we
changed the horizontal scales S of the horizontal correla-
tion (3) of the EOF mode adaptively in the assimilation
process:

S S S S
RMSE x y t RMSE

RMSE RMSE

S x y t S S S

SSHA SSHA

SSHA SSHA

= + −( ) ( ) −( )
−( )

( ) = ( )( ) ( )

min max min
max

min max

min max

, ,

, , min max , , , A1

where Smin and Smax are the minimum and maximum hori-
zontal scales,  respectively; RMSEmin

SSHA and
RMSE 

max
SSHA are the critical values of Root Mean Square

Error for SSHA observation. Scheme (A1) specifies small
horizontal scales at the grid point where RMSE is large.
It allowed clear presentation of the sharp fronts of the
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Kuroshio, Kuroshio Extension and mesoscale eddies.
In addition, for the Kuroshio-Kuroshio Extension

region, we specified the error of SSHA observation
adaptively,

SSHA SSHA SSHA SSHA

RMSE x y t RMSE

RMSE RMSE

SSHA x y t SSHA SSHA SSHA

err
o

err err err

SSHA SSHA

SSHA SSHA

err
o

err
o

err err

= + −( )
⋅

( ) −( )
−( )

( ) = ( )( )
( )

min max min

max

min max

min max

, ,

, , min max , , ,

A2

where SSHAmin
err and SSHAmax

err are the lower and upper
limits of the observation error, respectively. Scheme (A2)
was also useful for the sharp presentation of the oceanic
fronts.
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