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Abstract Assimilation and prediction experiments of the
Kuroshio path variability south of Japan were conducted to
investigate the predictability of the Kuroshio path. The
assimilation and prediction system is composed of an eddy-
resolving model and a three-dimensional variational anal-
ysis scheme with vertical coupled temperature—salinity
empirical orthogonal function modes. The sea surface
height (SSH) variability and the variations of the Kuroshio
path of the assimilation fields are in good agreement with
those observed. The results of the assimilation are then
used as the initial conditions for 138 cases of 90-day
prediction experiments conducted from 1993 to 2004. The
predictive limit of our system is assessed by the SSH
anomaly in the assimilation field and is found to be around
40-60 days, which is much longer than that of the
persistence. The prediction results show good performance
in the transition stage from a straight to a meandering path.
For example, a large meandering event that occurred in
August 2004 is successfully predicted in a 2-month
forecast. Two types of failure cases are investigated. One
is a case where the eastward propagation speed of the
meander is faster than a real state. The dynamical response
of the model to the assimilation revealed that an initial
shock, caused by the dynamically unbalanced initial
condition, induces the fast eastward propagation of the
meander. The other case exhibits an unrealistic meander. In
this case, a cold anomaly at an intermediate layer in the
initial condition grows rapidly and results in the unrealistic
meander. This implies that the Kuroshio path south of
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Japan has a chaotic nature. These facts revealed by the
failure cases give us some insight for improving the
predictive skill of the Kuroshio path variability.
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1 Introduction

The Kuroshio, the western boundary current of the North
Pacific subtropical gyre, flows northeastward along the
continental slope of the East China Sea, turns east through
the Tokara Strait, and proceeds eastward along the southern
coast of Japan until it separates from the coast and enters
the Pacific basin as a free jet called the Kuroshio Extension.
It has a significant impact on the climate around Japan
because of its large heat transport. Also, the variations of
the Kuroshio path have a large influence on fisheries, ship
navigation, marine resources, etc. Therefore, it has been
studied by many researchers.

Yoshida (1964) and Taft (1972) showed that the
Kuroshio path south of Japan exhibits remarkable bimodal
features, namely, the large meander path and the nonlarge
meander path. Kawabe (1985) classified three typical paths
(Fig. 1): the typical large meander path (tLM), the offshore
nonlarge meander path (oNLM), and the nearshore
nonlarge meander path. The duration of the large meander
and the nonlarge meander paths is from a few years to a
decade. The large meander occurs with the most pre-
dominant period of about 20 years (Kawabe 1987). The
variations of the Kuroshio path and their relation to
velocity, volume transport, and upstream position of the
Kuroshio were investigated from the long time series of
hydrographic data and tide gauge records (Kawabe 1995).
After the launch of the ocean topography experiment
(TOPEX)/Poseidon in 1992, altimeter-derived sea surface
height (SSH) became widely available and enabled us to
capture oceanic variations, including the variations of the
Kuroshio path. Imawaki et al. (1996) successfully detected
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Fig. 1 Typical stable paths of 37

the Kuroshio south of Japan
(Kawabe 1995). Abbreviations
are nNLM the nearshore non-
large meander path, oNLM the
offshore nonlarge meander path,
and ¢tLM the typical large
meander path

the fluctuations of the Kuroshio axis south of Japan using
the TOPEX/Poseidon altimeter data. Ebuchi and Hanawa
(2001) investigated the trajectory of the mesoscale eddies
in the Kuroshio recirculation region and pointed out that
the interaction between the mesoscale eddy and the
Kuroshio east of the Kyushu may trigger meanders.
Many other studies using satellite altimeter data have
discussed the relationship between the formation of the
meander of the Kuroshio and the mesoscale eddies (e.g.,
Mitsudera et al. 2001; Ebuchi and Hanawa 2003; Waseda et
al. 2003). Many theoretical and numerical studies have also
addressed mechanisms of the Kuroshio path variations
(e.g., Robinson and Taft 1972; Masuda 1982; Yoon and
Yasuda 1987). During the 1990s, many modeling studies
with somewhat idealized settings have reported descrip-
tions of the Kuroshio path variations (e.g., Sekine 1990;
Endoh and Hibiya 2000, 2001; Akitomo et al. 1997;
Hurlburt et al. 1996; Qiu and Miao 2000). Recently, an
eddy-resolving model simulation with realistic settings
(e.g., Miyazawa et al. 2004; Tsujino et al. 2006) has
become feasible in step with the development of computing
power.

In addition to the background described above, the
development of ocean data assimilation in the past decade
enables us to nowcast and forecast the ocean states. Many
groups have attempted to construct an assimilation and
prediction system and examined the predictability in some
regions. Mellor and Ezer (1991) conducted assimilation
and prediction experiments for the Gulf Stream region
using a primitive equation model and a nudging assimila-
tion technique. They obtained a predictive limit of 20 days.
Brasseur et al. (1996) used a quasigeostrophic model of the
Atlantic basin with a technique of nudging the TOPEX/
Poseidon altimeter data. They also obtained a predictive
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limit of about 20 days. The predictability of the variations
of the Kuroshio path has also been examined by some
groups. Hurlburt et al. (2000) and Rhodes et al. (2002)
developed an operational nowcast/forecast system for the
North Pacific and performed 1-month forecast experiments
in the Kuroshio region. The system consists of a layered
primitive equation model and an assimilation scheme based
on optimum interpolation. They concluded that their
prediction skill is longer than 30 days, which is better
than the persistence and the climatology. Komori et al.
(2003) conducted prediction experiments of the Kuroshio
path variabilities using a 1-1/2-layer shallow water model
and a two-dimensional variational scheme with a weak
constraint. They concluded that the predictive limit is about
60 days. Kamachi et al. (2004) also conducted assimilation
and prediction experiments using an operational data
assimilation and prediction system. Their assimilation
results reproduced the formation process of the meander
quite well. They concluded that the predictive limit is from
20 to 80 days, which depends on the transition stages of the
meander. Most of these studies on the prediction of the
Kuroshio path have focused on the statistical properties of
the prediction results to assess the predictive limit. Komori
et al. (2003) investigated examples of success and failure
by looking at the vorticity balance. They concluded that the
cause of the failure was the lack of certain dynamical
processes in the shallow water model, such as the effects of
baroclinic instability and bottom topography.

In this study, we will try to predict the Kuroshio path
variability south of Japan using an ocean data assimilation
and prediction system with realistic settings to assess the
predictive limit of our system and reveal any defects of our
system. By doing so, we can explore the strategy for
improving the predictability of the Kuroshio path. Usui et



al. (2006) have already verified the assimilation system
(e.g., temperature and salinity profiles, current transport
around Japan), which showed a good agreement with
the independent observations. We therefore focus on the
predictability of the Kuroshio path for the first step of the
assessment of the prediction system. This study also follows
Tsujino et al. (2006), who investigated the transition process
between the bimodal paths of the Kuroshio using a
free simulation based on the same model as ours. The
verification of their results is also one of the objectives
of'this study. This paper is organized as follows: descriptions
of the prediction system and experimental conditions are
described in Section 2. General features of the experimental
results and case studies are described in Sections 3 and 4,
respectively. Results are summarized in Section 5.

2 Description of prediction system and experiments
2.1 Dynamical model

We use the Meteorological Research Institute Community
Ocean Model (MRI.COM; Ishikawa et al. 2005) for the
dynamical model. MRI.COM is a multilevel model that
solves primitive equations under the hydrostatic and
the Boussinesq approximation. A free-surface option of
Killworth et al. (1991) is selected to solve the barotropic
part of the equations. The vertical coordinate near the
surface follows the surface topography-like o -coordinates,
which enables us to adopt a fine vertical resolution near
the surface. For the nonlinear momentum advection, the
generalized enstrophy-preserving scheme (Arakawa 1966)
and the scheme that contains the concept of diagonally
upward/downward mass momentum fluxes along the
sloping bottom are applied. Performance of a fine-resolu-
tion model with this scheme is described by Ishizaki and
Motoi (1999). For tracer advection, a modified version of
the Quadratic Upstream Interpolation for Convective
Kinematics scheme (Holland et al. 1998) is applied.
A biharmonic operator is used for horizontal turbulent
mixing with 1.0x 10'® m* s~! as diffusivity coefficient. A
biharmonic friction with a Smagorinsky-like viscosity
(Griffies and Hallberg 2000) is used for momentum.
The vertical viscosity and diffusivity are determined by the
turbulent closure scheme of Noh and Kim (1999). The
bottom friction is calculated according to the formula
proposed by Weatherly (1972). A sea ice model with the
thermodynamics of Mellor and Kantha (1989) and the
elastic—viscous—plastic rheology of Hunke and Ducowicz
(2002) is also applied.

The model domain spans from 117E to 160°W zonally
and from 15°N to 65°N meridionally (Fig. 2). The hori-
zontal resolution is variable: it is 1/10° from 117°E to
160°E and 1/6° from 160°E to 160°W zonally, and it is
1/10° from 15° N to 50° N and 1/6° from 50° N to 65° N
meridionally. There are 54 layers in the vertical with
thickness increasing from 1 m at the surface to 250 m near
the bottom. Oceanic states at the side boundaries are
replaced by those from the low-resolution model (one-way
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nesting). The nesting method is based on that of Spall and
Holland (1991). The model domain of the low-resolution
model spans from 100°E to 75°W zonally and from 15°S to
65°N meridionally. The domain is closed, i.e., the
Indonesian Passage and the Bering Strait are closed. At
the southern end of the model domain (from 15°S to 13°S)
of the low-resolution model, temperature and salinity are
restored to the climatology (Ocean Climate Laboratory
1999) from top to bottom with a restoring time of 120 days.
The horizontal resolution is 1/2°. The vertical grid spacing
is the same as that of the 1/10° model. The bottom
topographies for both models are based on Smith and
Sandwell’s (1997). More detailed descriptions of the model
are given by Tsujino et al. (2006).

2.2 Assimilation scheme

We use the Meteorological Research Institute Multivariate
Ocean Variational Estimation (MOVE) system (Usui et al.
2006) for the assimilation system. The analysis scheme
adopted in the MOVE system is a multivariate three-
dimensional variational (3DVAR) analysis scheme with
vertical coupled temperature—salinity (T-S) empirical
orthogonal function (EOF) modal decomposition (Fujii
and Kamachi 2003a). Amplitudes of the T-S EOF modes
above 1,500 m are employed as control variables. Dom-
inant modes can be understood as the first and second
baroclinic modes, changes of the water properties near the
surface, change of water mass properties, and so on (see
Fujii and Kamachi 2003b). T-S EOF modes are different in
regions with different hydrographic features (e.g., sub-
tropical/subpolar regions and marginal seas). In this
system, the model region is divided into 10 subregions
(Fig. 2), which are decided empirically, and vertical T-—S
EOF modes are calculated from the observed T-S profiles
for each subregion. We employ the first 12 modes for the
3DVAR, which explain more than 85% of the total
variance.
The cost function J (y) is defined as follows:

J(y) :% Z Zyljijltrilyl,m
! m

g 3 [t —] R 1) 7
1 o 2 (1)
Fam [H(x)) - #7]

+ i >N [D{pp,k(X) - pp.k+l(x)}} "

V4 k

where y is the amplitude of the vertical coupled T-S EOF
modes. Subscripts / and m denote the / -th mode and m -th
subregion, respectively. Matrices B and R are the back-
ground and observation error covariance matrices, respec-
tively. It should be noted that B is a nondiagonal matrix
because it includes the horizontal correlations among
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Fig. 2 a Model domain and

(a) model domain and bottom topography
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background errors (see Fujii and Kamachi 2003b). The
Gaussian function is adopted as the horizontal correla-
tion model in the background covariance matrix B. The e-
folding scales in the horizontal correlation model are
decided from Kuragano and Kamachi (2000). The back-
ground (observation) error variance o7 (02 ) and the di-
agonal elements of B (R ) are decided by a parameter 1 as
follows (Fujii and Kamachi 2003c):

po’,

2

U%'): (1 _M)O_Z’ 0, =

2

o

where the scalar value o, which varies horizontally and
vertically, is the reference value estimated from the

observed data. The observation error o>  includes

130

140E  150E 160E 170E 180 170W  160W
the measurement and representativeness errors. The
scalar value £ is set to 0.4. The vector x¢ is the i -th
observation profile of temperature and salinity, and h]‘? is
the j -th sea surface dynamic height (SDH) data, the sum of
the mean SDH and SSH anomaly (SSHA) measured by
satellite altimetry. The mean SDH is calculated from
observed mean temperature and salinity fields from 1993 to
1999. The coefficient o}, is the observation error of SSHA,
which is set to the constant value of 10 cm. Considering the
representativeness error of the operator H described later,
on 1s set to a somewhat large value compared with a
measurement error of the satellite altimeter. The matrix H
is the observation operator for the temperature and salinity

profiles, by which the temperature and salinity in the model



space are linearly interpolated into those in the observation
space. The nonlinear operator H estimates a SDH from
temperature and salinity in the model field as follows:

1 Zm
) =~ /0 »' (5. p)dz, 3)

where p, is the surface density, z,, is the reference depth,
p' is the difference of density from the reference state, and
p s pressure. We use 0°C and 35.0 psu as the reference
state, and 1,500 m as the reference depth. We checked the
validity of the operator H using the result of a free model
simulation. In the south of Japan, the target area of the
prediction experiment, more than 80% of the SSH
variances is explained by the SDH from the operator H ,
although it does not include the barotropic contributions
(not shown).

The first term on the right-hand side of Eq. (1) denotes
the deviation from the first-guess. The second and third
terms on the right-hand side of Eq. (1) denote deviations
from the observed T-S profile and the SSH derived from
satellite altimetry, respectively. The fourth term on the
right-hand side of Eq. (1) denotes the constraint for
avoiding density inversion (Fujii et al. 2005). The scalar
value p, , is the density at the p -th grid point and & -th
layer (k =0: surface). The function D(x) is written
as follows: D(x) =0 when x < 0, and D(x) =x when
x > 0. Thus, the minimization scheme acts to eliminate
density inversion, that is, when x > 0. The preconditioned
optimizing utility for large-dimension analysis (Fujii and
Kamachi 2003c; Fujii 2005) is applied for minimizing the
nonlinear cost function. The scheme can minimize the
nonlinear cost function without inversion of the back-
ground error covariance matrix.

The vector x , the state vector of temperature and salinity
profiles, is transformed from the control variable y as
follows:

x(y) =x+8 Y wiUiAy, )
!

where x s is the first-guess, S is the matrix composed of
dominant T-S EOF modes, A is the diagonal matrix whose
elements are the singular value of T-S EOF modes, and w; is
the weight coefficient for the / -th subregion, which has to
satisfy >, w? =1 (Fukumori 2002). In the buffer zone
located around the boundary between subregions (not shown
in Fig. 2), w% varies linearly from 0 to 1 along latitude or
longitude.

The 3DVAR results are inserted into the model temper-
ature and salinity fields above 1,500 m by the incremental
analysis updates (IAU; Bloom et al. 1996). In this system,
the AU is implemented as follows: (1) The model is
integrated until the middle of the assimilation period
without any correction. The model output at this time is
used as a first-guess for all observations within the
assimilation period. (2) The 3DVAR is implemented and
analysis increments are transformed into a constant forcing
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by dividing by the number of time steps corresponding to
the assimilation period. (3) The model is restarted from half
of an assimilation period prior to the analysis time, and
integrated during the assimilation period with the constant
forcing. (4) At the end of the assimilation period, the model
results are output and used as initial conditions for the
prediction experiments. Steps (1-4) are repeated.

2.3 Experimental conditions

The assimilation experiment was conducted from January
1993 to September 2004. The assimilation period is
1/3 month: the first and second assimilation periods in a
month are 10 days and the third one varies from 8 to
11 days. Temperature and salinity profiles above 1,500 m
and SSHA data are assimilated. Temperature and salinity
data are collected from World Ocean Database 2001 and
the Global Temperature—Salinity Profile Program database
(Hamilton 1994). The SSHA data is the along-track data
from the TOPEX/Poseidon, Jason-1, European remote
sensing satellite (ERS)-1/2, and environmental satellite
altimeters, which are extracted from the segment sol
multimission altimetry and orbitography/data unification
and altimeter combination system delayed-time multi-
mission altimeter products (CLS 2004). The model is
driven by wind-stress and heat fluxes from the National
Centers for Environmental Prediction (NCEP)—Depart-
ment of Energy Atmospheric Intercomparisons project
reanalysis (Kanamitsu et al. 2002; hereafter NCEP2).
Latent and sensible heat fluxes are recalculated in the
model using model sea surface temperature and the bulk
formula of Kondo (1975). The fresh water flux is corrected
by restoring sea surface salinity toward the monthly mean
climatology with a restoring time of 1 day to prevent a
model drift.

One hundred thirty eight cases of prediction experiments
for the Kuroshio path variability south of Japan were
conducted from February 1993 to July 2004. Predictions
start on the first day of every month and are integrated for
90 days. The wind-stress and heat fluxes used in the
prediction experiments are NCEP2, the same as in the
assimilation experiment. We should treat an external
forcing as an unknown factor in the prediction. However,
we treat it here as a known factor because our objective is
to assess the predictive skill of the assimilation scheme and
the dynamical model when a perfect external forcing is
given. The predictive skill obtained from this protocol
could be affected by the use of predictive forcing.

3 General features of experimental results
3.1 Assimilation fields

The assimilation results (e.g., temperature and salinity
profiles, current transport around Japan) have already been
verified by Usui et al. (2006), who showed that the
assimilation result reproduced the observed features well.
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In this subsection, we therefore discuss the reproducibility
of the SSH and the Kuroshio path variations in the
assimilation fields, which will impact on the Kuroshio path
prediction.

Figure 3 shows the mean and the standard deviation of
SSH for the assimilation and the observations. The
averaging period is from 1993 to 2001, when TOPEX/
Poseidon and ERS-1/2 data are available. The observation
data are a multisatellite-gridded SSH-derived product from
TOPEX/Poseidon and ERS-1/2 (Kuragano and Kamachi
2003), with 1/2° resolution. The spatial distribution of the
SSH variability in the assimilation field shows good
agreement with the altimeter observations. It should be
noted that the amplitude of the SSH variability of the
assimilation field is somewhat larger than that of the
observations because of the difference in spatial resolution.
In fact, the SSHA power spectra of the assimilation field
and the observed field along a TOPEX/Poseidon ground
track show good agreement (not shown here). The mean
SSH field also reflects the observed features. Note that the
observed mean SSH is obtained from the climatological
hydrographic data using Eq. (1). The observed SSH field
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Fig. 3 Standard deviation (shades) and mean (contours) of SSH
from 1993 to 2004 for a observation (TOPEX/Poseidon and ERS)
and b assimilation fields

therefore is somewhat smoothed compared with the
assimilation field.

Figure 4 compares the location of the Kuroshio axis
along 138° E determined from the assimilation and the
observations, which is a good indicator of the Kuroshio
path type. The period is also from 1993 to 2001. The
observed Kuroshio axis is estimated every 10 days from
satellite altimetry (TOPEX/Poseidon and ERS-1/2) and
surface drifting buoys (Ambe et al. 2004). The position of
the Kuroshio axis in the assimilation field is defined as the
latitude of the maximum surface velocity, as in Ambe et al.
(2004). The Kuroshio axis in the assimilation field closely
follows the observed one during the whole period.

3.2 Predicted fields

Figure 5 compares the location of the Kuroshio axis along
138° E determined from the prediction and the assimila-
tion. The Kuroshio follows a nonlarge meander path from
1993 to the middle of 2004, after which the Kuroshio
undergoes a large meander path. The following features
can be seen in the prediction results. The Kuroshio axes in
the prediction field follow those in the assimilation field
comparatively well in the transition stages from a straight
to a meander path. In contrast, the predicted Kuroshio axes
tend to shift from a meander to a straight path earlier. These
two features are reported in previous studies, too (e.g.,
Komori et al. 2003; Kamachi et al. 2004). Also, unrealistic
meanders can be seen in some results. These features seen
in the prediction results will be discussed in the next
section.

Next, we show some statistical properties of the
prediction results to assess the predictive limit of our
system. The prediction results are assessed by the assim-
ilation results, because the assimilation results reproduce
the real state quite well, as described above. Figure 6 shows
the spatial distribution of the normalized root mean square
(RMYS) difference of SSHA between the prediction and the
assimilation at each forecast time. SSHA is suitable for
assessing a prediction result because it reflects the internal
state of the ocean. The RMS difference is estimated from
the mean SSH over each assimilation period (1/3 month).
The standard deviation of SSH estimated in each 1/3 month
is used to normalize the RMS difference. The forecast time
is taken as 10-day intervals in all cases, although it actually
varies from 8 to 11 days. The spatial distribution of the
normalized RMS difference shows that the prediction
results have a relatively large error southeast of Kyushu
and off Enshu-nada. The error at the southeast of Kyushu,
which is related to unrealistic meanders occurring south of
Shikoku as described later, seems to propagate along the
Kuroshio from the Tokara Strait to south of Shikoku. The
error off Enshu-nada probably results from a weak cold-
eddy formed on the shoreward side of the Kuroshio (not
shown). However, we note that the absolute value of the
RMS difference off Enshu-nada is not so large because the
standard deviation of SSH off Enshu-nada is small
(Fig. 3b).
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Fig. 4 Time series of the lati-
tude of the Kuroshio axis along
138°E from a the observa-

tion (thin line; Ambe et al. 34
2004) and b the assimilation
(thick line) fields .
§ 33
()
©
2
g 32
-

31
Assimilation
Observation
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Figure 7 shows the spatial distribution of SSH bias,
which is the mean SSH difference between the prediction
and the assimilation fields. The SSH bias south of Japan
shows a remarkable contrast between positive values west
of the Izu Ridge and negative ones south of the Kii
Peninsula. This difference is due to a eastward movement
of'a warm eddy south of the Kii Peninsula in the prediction.
The warm eddy in the model free run (without assimilation)
is located further south than in the assimilation (not
shown), probably due to the broader Kuroshio axis in the
model free run. The eddy tends to be advected eastward by
the Kuroshio in the prediction, because it is initialized in a
realistic position which is closer to the Kuroshio axis than
the model free run. In addition, the eastward movement of
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the warm eddy might contribute to the transition of the
Kuroshio axis from a meander to a straight path, as
described by Ebuchi and Hanawa (2003). It implies that the
reduction of the model bias is crucial for the accurate
prediction of the Kuroshio path. However, the SSH bias is
comparatively small compared with the standard deviation
of SSH (Fig. 3). In fact, the RMS difference calculated
from the SSH after bias removal is almost the same as that
without the bias removal. It implies that most of the errors
in the prediction are random. These errors and their causes
will be described in more detail with case studies in the
next section.

Figure 8 shows a time evolution of the SSH RMS
difference in the rectangular region (131° —140° E, 30° —

(b) 1996 - 1998
35 T T T T T T T T T T T

34

33

32

Latitude (deg)

31

Assim
Forecast 1
1 1 1 1 1 1 1 1 1 1 1

30
Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct

(d) 2002 - 2004
35 T T T T T T T T T 1

34

33

Latitude (deg)

32

31

Forecast 1
30 | | | | | | | | | | |
Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct

Fig. 5 As in Fig. 4 but for the forecast (zhin line) and the assimilation (thick line) fields for a 1993—-1995, b 1996-1998, ¢ 1999-2001,

and d 2002-2004
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Fig. 6 Time evolution of the normalized RMS difference in SSH
between the prediction and assimilation fields at each forecast time.
Units are nondimensional. Light and dark shading corresponds to

35° N), the average value of 138 cases. The error bar
denotes the standard deviation calculated from the 138
cases. The result of a persistence, which assumes that
SSHA does not change from an initial condition, is also
shown. We note that seasonal changes in the SSH field are
expressed in the persistence because SSHA is defined here
as the anomaly from the 1/3-monthly mean SSH.
Eliminating the seasonal variation in the assimilation
field, and using standard deviation of SSH of 13.5 cm
depicted in Fig. 8 as a threshold for a predictive limit, we
find that the predictive limit of our system is roughly 40—
60 days, which is much longer than that of the persistence.

4 Case studies

As described in the previous section, the prediction
performance depends on the transition stages of a meander.
The prediction shows a relatively good performance in the
transition stage from a straight to a meander path, while the
prediction performance deteriorates in the transition stage
from a meander to a straight path. Also, some predictions
show unrealistic meanders. In this section, these three
features seen in the prediction results are investigated in
more detail with case studies.
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4.1 Case 1 (transition from a straight to a meander path)

We present here a prediction result initialized on 1 July
2004 as an example of success. Figure 9 shows the
temperature and velocity at 200 m in the assimilation and
prediction fields. The small meander, located in the south
ofthe Kii Peninsula at the beginning of July 2004, grows as
it propagates eastward and develops into a large meander
path, the tLM, in the middle of August 2004. After that, the
Kuroshio sustains the large meander path. These processes
are successfully predicted.

Tsujino et al. (2006) investigated an evolution process of
a large meander in a free model simulation, and pointed out
that an interaction between the upper-layer eddies and a
deep anticyclonic eddy plays a significant role in the
evolution of a large meander. The evolution process of the
large meander in this case is shown in Fig. 10 with SSH and
velocity at 3,000 m. A deep anticyclonic eddy can be seen
in this case too. It is located between upper-layer cold and
warm eddies. The meander develops into a large meander
under this phase relation. At the final stage of the evolution,
the deep anticyclonic eddy becomes in-phase with the
upper-layer warm eddy. Thus, the evolution process of the
large meander in this case is also understood as a growth of
the baroclinic instability as in Tsujino et al. (2006). The
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Fig. 7 Time evolution of the SSH bias (unit in cm) for each forecast time. Light and dark shading corresponds to the area where the SSH

biases are greater than 6 cm and 12 cm, respectively

evolution process of the oONLM can also be explained by a
baroclinic instability process, because the deep anti-
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persist = =
forecast

25 -

15 s7 ’ -

RMS difference (cm)

0 i 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90

Forecast time (day)

Fig. 8 Time evolution of the RMS difference in SSH between the
prediction and the assimilation fields. Thick solid line with squares
and the dashed line denote the dynamical prediction and the
persistence, respectively. Error bars denote the standard deviation of
SSH RMS differences in all cases. The dotted line of 13.5 cm is the
standard deviation of SSH in the assimilation field

cyclonic eddy is found in the transition stage of the
Kuroshio path from the straight to the oNLM path (not
shown). This case, therefore, provides a good example of
the transition from a straight to a meander path, although
the amplitude of the meander is extremely large.

The cause of the successful prediction of the large
meander is probably that seeds of the large meander, upper-
layer eddies and the deep anticyclonic eddy, are introduced
in the initial conditions. The upper-layer eddies, the warm
eddy south of the Shikoku, and the cold eddy correspond-
ing to the small meander south of the Kii Peninsula, are
introduced by assimilating the observed data. The deep
anticyclonic eddy, however, is not introduced directly by
assimilation, because the system corrects the model field
above 1,500 m by the assimilation as described in
Section 2.2. Here we consider the formation process of
the deep anticyclonic eddy seen in the initial conditions.
Left panels in Fig. 11 show SSH and velocity at 3,000 m at
the middle of May and the beginning of June 2004. Each
panel shows a 5-day mean field of the assimilation result.
At the middle of May 2004, a deep cyclonic eddy can be
seen in the Shikoku Basin. In the upper layer, a warm eddy,
coming from east of Amami-Oshima, and a cold eddy, are
located east of the Tokara Strait and southeast of the
Kyushu, respectively. After that, the deep anticyclonic
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Fig. 9 Evolution processes of
the large meander which oc-
curred in August 2004 for

a the assimilation and b the
prediction fields initialized on

1 July 2004. Each panel shows
mean fields of temperature
(color; units in °C) and velocity
(vector; units in cm s~!) at

200 m over 1/3 month
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To understand the dynamics of this process, the vertical
velocity at 2,000 m and the stretching term at 3,000 m in
the vorticity equation are depicted in the middle and right
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Fig. 12 Schematic diagram of
the formation process of the
deep anticyclonic eddy

Kuroshio

Deep anti-
cyclonic eddy

panels of Fig. 11. Each value is also estimated from the 5-
day mean field of the assimilation result. At the middle of
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Fig. 13 Comparison of the Kuroshio axes between the assimilation
(black line) and the prediction (gray line) fields initialized on 1 April
1993. Each panel shows the Kuroshio axes estimated from 10-day
mean velocity fields. The position of the Kuroshio axis is defined by
tracing the position of the maximum velocity at 100-m depth

May 2004, a downwelling at 2,000 m can be seen around
30° N and 134° E where the deep anticyclonic eddy is
formed. The stretching term at 3,000 m in the vorticity
equation, which plays a dominant role in the deep layer,
shows a negative value there, indicating shrinking. At the
beginning of June, the downward and upward flows with
the shrinking and stretching in the deep layer can be seen
on the east and the west sides of the deep anticyclonic eddy,
respectively, causing the eastward propagation of the deep
anticyclonic eddy. Therefore, the dynamics of the forma-
tion of the deep anticyclonic eddy can be explained by the
following baroclinic process (see also Fig. 12): The warm
eddy propagates northward toward the cold eddy located
southeast of the Kyushu and an eastward flow between the
warm and cold eddies is induced. Because the isotherms
are tilted downward to the offshore across the Kuroshio,
this eastward flow induces a downward flow in the deep
layer. The induced downward flow generates the deep
anticyclonic eddy by shrinking a vortex tube in the lower
layer. This deep anticyclonic eddy then induces the
downward and upward flows with the lower-layer shrink-
ing and stretching to its east and west sides, respectively.
As aresult, the deep anticyclonic eddy propagates eastward
and reaches south of the Kii Peninsula at the beginning of
July 2004.

4.2 Case 2 (transition from a meander to a straight path)

Next, we present a prediction result initialized on 1 April
1993 as a typical example of failure. Figure 13 compares
the Kuroshio axes between the assimilation and the
prediction fields. The Kuroshio axis is defined by tracing
the position of the maximum velocity at 100-m depth. In
this case, the Kuroshio path is transformed from a meander
into a straight path, but the transformation in the prediction
occurs earlier than in the assimilation. In other words, the
eastward propagation speed of the predicted meander is
faster than that of the assimilation field. This is a common
feature in many failure cases. In Section 3.2, we described
the possibility that the downstream advection of the warm
eddy south of the Kii Peninsula contributes to the transition
of the Kuroshio axis from a meander to a straight path. But
not all failure cases showing the same feature can be
explained by this reasoning. We will further explore these
failure cases by investigating the dynamical response of the
model to the assimilation.

Figure 14a shows a SDH increment at the analysis time
in the assimilation period of 21-31 May 1993. The



increment represents the difference between the SDHs
estimated from the first-guess and analysis using Eq. (3).
SSH tendencies at the forecast time FT=3, 8, and 13 days
are also shown in Fig. 14b—d. SSH differences per day are
regarded as SSH tendencies here. A large positive SDH
increment can be seen on the western side of the Izu Ridge,
and a negative SDH increment can be seen to the west of
the positive increment. These positive and negative
increments are located in the northward and southward
flow on the eastern and western sides of the meander,
respectively. The SSH tendency has an opposing signal at
the same place as the SDH increment, which is quite large
in the early stage of the prediction. It probably implies an
initial shock caused by dynamically unbalanced initial
conditions. In addition, the initial shock can lead to a faster
eastward propagation of the meander, because the negative
signal of the SSH tendency in the east side of the meander
induces a cyclonic anomaly in the flow field and vice versa
(see Fig. 15).

To confirm this, we conducted a parameter sensitivity
experiment. If the parameter ;1 in Eq. (2) is set to a large
(small) value, the assimilation result is largely affected by
the first-guess (observation) field. The initial shock,
therefore, is expected to be reduced by setting p to a
large value. In this sensitivity experiment, the parameter p
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Fig. 14 The SDH increment (unit in cm) at the analysis time in the
assimilation period of 21-31 May 1993 and the time evolution of
SSH tendencies (units in cm day~'). a The SDH increment denotes
the difference between SDHs estimated from the first-guess and
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is set to 0.9, which is much larger than 0.4, the default value
in the prediction experiment. Using this value, the assim-
ilation procedure is performed again from 1 January to 31
March 1993, and the initial condition on 1 April 1993 is
regenerated. Using the regenerated initial condition, the 90-
day prediction is also reconducted. Figure 16 shows the
SSH tendency at the 3-day forecast time and the Kuroshio
axes of the assimilation and the prediction on 1-10 May
1993. In the case of 1 = 0.9 , the initial shock weakens
compared to Figs. 14b and 16b. As a result, the eastward
propagation speed of the meander is improved, and is
almost the same as that of the assimilation field (Fig. 16a).
We also tested the parameter © = 0.9 on another case,
initialized on 1 November 1999, with the same features as
in case 2. The eastward propagation speed of the meander
is also improved. For these cases, the reduction of the
initial shock is crucial for the improvement of the
prediction of the Kuroshio path. It should be noted,
however, that t = 0.9 is not necessarily the most suitable
for the prediction because the reproducibility of a real
ocean in the initial condition degenerates instead of
reducing the initial shock. We, therefore, need further
tuning on the parameter 4 . In the future, we aim to reduce
the initial shock more effectively by adding a dynamical

(b) SSH tendency (FT=3days)
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analysis fields. SSH tendencies at the forecast time FT=3-13 days
are depicted in b—d. SSH differences per day are regarded as SSH
tendencies
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Fig. 15 Schematic diagram of the relation between the initial shock
and the eastward propagation of the meander

constraint to the cost function or by improving the method
of inserting analysis increments into the model.
4.3 Case 3 (unrealistic meander)

Lastly, we present a prediction result initialized on 1
September 1996 as an example of a failure with an
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Fig. 16 The Kuroshio axes and SSH tendency in the case of = 0.9.
a Comparison of the Kuroshio axes at the begging of May 1993
between the assimilation (black line) and the prediction (gray line)
fields initialized on 1 April 1993. b The SSH tendency (units in cm) at
the forecast time FT=3 days

unrealistic meander. Figure 17 compares the SSH fields
from September to November 1996 between the assimila-
tion and the prediction fields. The Kuroshio in the
assimilation field shows a straight path during the whole
period. On the contrary, the predicted Kuroshio has a small
meander at the beginning of October that develops into a
large meander. To explore what causes this unrealistic
meander, we look at the error evolution. Figure 18 shows
the time evolution of the normalized difference of temper-
ature at 1,000 m between the prediction and assimilation
fields. The standard deviation of temperature, calculated
from the assimilation results from 1993 to 2004, is used to
normalize the temperature difference. In the early stage of
the prediction, a cold anomaly southeast of the Kyushu,
which appears to be introduced by assimilating in situ data
in the middle of August, can be seen only in the
intermediate layer. This anomaly then extends in the
vertical direction and leads to an upper-layer cold eddy
southeast of Kyushu. The cold eddy then interacts with a
warm eddy, which comes from east of the Tokara Strait and
induces a deep anticyclonic eddy between these two eddies
(not shown). The cold eddy then grows rapidly and appears
to propagate along the Kuroshio (Fig. 18). This evolution
process is very similar to the time evolution of the
normalized SSH RMS difference described in Section 3.2
with Fig. 6. Consequently, the cold eddy develops into a
large meander, which is probably caused by the baroclinic
instability, as in case 1.

It is possible that the intermediate cold anomaly seen in
the early stage of the prediction may correspond to an
unstable mode, which gives rise to the unrealistic meander.
In fact, the meander does not occur in the prediction
experiment initialized on 1 August 1996 before the
intermediate cold anomaly is assimilated. It should be
emphasized that this unrealistic meander occurs though an
error in the initial conditions is not so large. This fact
probably implies that the Kuroshio path south of Japan has
a chaotic nature, which makes the prediction of the
Kuroshio difficult. However, we can recognize in advance
such an unstable mode in an initial condition by applying
some initializing methods for an ensemble prediction, such
as breeding (e.g., Toth and Kalnay 1997) or singular vector
(e.g., Molteni et al. 1996; Moore and Mariano 1999)
methods. We may be able to improve the predictive limit of
the Kuroshio path south of Japan using such initializing
methods.

5 Summary

We conducted assimilation and prediction experiments of
the Kuroshio path variability south of Japan using an eddy-
resolving model and a 3DVAR with vertical coupled T-S
EOF modes. The SSH variability and the variations of the
Kuroshio path of the assimilation fields are in a good
agreement with the observations. The statistical properties
of the prediction results of 138 cases are investigated. The
prediction results have relatively large errors southeast of
Kyushu and off Enshu-nada, which are mostly caused by
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Fig. 17 Time evolution of the 10-day mean SSH (units in cm) fields of a the assimilation and b the prediction fields initialized on 1

September 1996

random errors. The predictive limit of our system assessed
by SSHA in the assimilation field is roughly 40-60 days,
which is much longer than that of the persistence.

The performance of the prediction depends on the
transition stages of a meander, as reported in previous
studies. That is, it shows a relatively good performance in
the transition stage from a straight to a meander path, while
the performance of the prediction deteriorates in the
transition stage from a meander to a straight path. Also,
some predictions show unrealistic meanders. These
features are investigated with case studies.

The large meandering event that occurred in August
2004 is successfully predicted in a 2-month forecast. The
large meander is caused by the interaction between upper-
and lower-layer eddies, that is, by baroclinic instability.
This formation process of the meander is consistent with
that of Tsujino et al. (2006). The reason for such a
successful prediction of the large meander is probably that
seeds of the large meander, upper-layer eddies and the deep
anticyclonic eddy, are introduced in the initial condition.
The formation process of the deep anticyclonic eddy, which
is not introduced directly by assimilation, is also
investigated. It is formed through the baroclinic process
as a result of interaction between the upper-layer warm and
cold eddies, which are introduced by the assimilation.

Next, we investigate the case of the transition stage from
a meander to a straight path. In this case, the eastward
propagation speed of the meander is faster than a real state.

This is a common feature seen in many failure cases. By
considering the dynamical response of the model to the
assimilation, it is revealed that the initial shock caused by
the dynamically unbalanced initial condition induces the
eastward propagation of the meander. In fact, reducing the
initial shock by tuning an assimilation parameter yields
improvements to the eastward propagation speed of the
meander.

Finally, we investigate the case of an unrealistic
meander. In this case, a cold anomaly around 700-—
1,000 m in the initial condition, which is introduced by
the assimilation, grows rapidly and results in an unrealistic
meander. The important thing in this case is that the
unrealistic meander occurs though the error in the initial
condition is not so large. This probably implies that the
Kuroshio path south of Japan has a chaotic nature, which
makes the prediction of the Kuroshio difficult.

The details of these failure cases give us some insight for
improving the predictive skill of the Kuroshio path
variability. To reduce the initial shock, we need to optimize
the assimilation parameters. In addition, we may be able to
reduce the initial shock effectively by adding a dynamical
constraint to the cost function or by improving the method
of inserting analysis increments into the model. To prevent
a wrong forecast with an unrealistic meander, an ensemble
prediction using initializing methods such as breeding and
singular vector may be effective. These improvements
should be subjects of future studies.
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Fig. 18 Time evolution of the normalized difference of temperature field at 1,000 m between the prediction initialized on 1 September 1996

and the assimilation fields. The units are nondimensional
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