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Abstract

This thesis investigates the Kuroshio path variation south of Japan from the viewpoint of
eddy-Kuroshio interactions. A basin-scale eddy-resolving ocean general circulation model
is aprimary tool for this study. In addition, predictability of the Kuroshio path variation is
investigated by conducting an ensemble forecast experiment of the real event.

A high-resolution ocean general circulation model is developed to simulate connections
between the Kuroshio path variations and meso-scale eddy activities as realistically as
possible. The mean climatology of the modeled Kuroshio takes a nearshore
non-large-meander path. It is found that the model is capable of simulating two types of
non-large-meander state, and the large-meander like path. The offshore non-large-meander
is generated through interaction between the Kuroshio and an anticyclonic eddy. The
large-meander like path occurs just after significant intensification of the anticyclonic
Kuroshio recirculation; successive intrusion of anticyclonic eddies from the upstream
region is responsible for this process. Those anticyclonic eddies are advected by the
Kuroshio from the region northeast of the Luzon Island and increase the upstream
Kuroshio volume transport on an interannua time scale. The cyclonic eddies propagating
from the Kuroshio Extension region, on the other hand, weaken the Kuroshio meander
after the merger. The Kuroshio path variations south of Japan thus seem be closely related
to eddy activities in the subtropical gyre system. The present model simulates the
eddy-Kuroshio interaction in a more realistic way than previous studies. However, its
ability to reproduce the large-meander state needs improvement because the duration is too
short compared to observations.

By using the developed ocean general circulation model, an ensemble forecast
experiment is conducted to understand predictability of the Kuroshio meandering. The
application of the ensemble forecast to the problem addressed seems to be the first

comprehensive attempt in the community of physical oceanography. By assimilating sea



surface height anomaly into the model in the preceding 40 days period, the observed
Kuroshio meandering manifested south of Japan in November 1999 was successfully
predicted two months before the event. The predicted states realized as the ensemble
members are classified into two categories: large and non-large-meander. It is found that
the intensity of an anticyclonic eddy in the initial state seems to play akey rolein selecting
one of the two states.

This study provides a basis for operational forecasting of the Kuroshio path south of
Japan. Suggested necessary conditions are: 1) modeling of the whole subtropical gyre
system over the North Pacific, 2) horizontal high-resolution smaller than 1/10 degree,
covering both the Kuroshio-Kuroshio Extension and subtropical front regions, 3) careful
treatment of bottom topography and representation of stratification by well-designed
vertical grid with more than 20 levels, 4) use of readlistic forcing, for example, satellite

scatterometer wind, and 5) proper initialization by assimilation using multi satellite data.
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General Introduction



The Kuroshio, one of the most energetic westermtaty current, has been extensively
studied from data analysis, theoretical, and madedtandpoints. It is quite unique among
various western boundary currents that the Kurostais three typical paths along the
southern coast of Japan. These are the large-meapdéh, the nearshore
non-large-meander path, and the offshore non-largander path according to the
definition given by Kawabe (1985). The large-meandad non-large-meander paths
persist from a few years to a decade, suggestimk avith basin-wide climate variations.
Large volume transport of the Kuroshio in the Hakina Sea is related to the Kuroshio
large-meander occurring with a bi-decadal timees¢lawabe 1995), which is basically
determined by the Sverdrup transport variationhm subtropical North Pacific (Qiu and
Miao 2000). During the large-meander dominant mefrom 1975 to 1991, peaks of the
Kuroshio volume transport closely connected with SN seem to correspond to the
large-meander events with several-year intervai@ze, 2001).

Recent studies suggest that the transition betwkennearshore and the offshore
non-large-meander paths during the last decad#lissnced by meso-scale eddy activity
(Ebuchi and Hanawa 2000, 2003; Mitsudera et al1208everal numerical experiments
have been performed recently to examine how amryardinic eddy introduced artificially
in ocean models triggers the path transition frone thearshore to the offshore
non-large-meander path (Mitsudera et al. 2001)pdhé large-meander path (Endoh and
Hibiya 2001; Akitomo and Kurogi 2001).

Many theoretical works have addressed mechanismiheofKuroshio large-meander
since the pioneering work of Robinson and Taft @97Using an eddy-permitting,
two-layer primitive equation model of the North Bac Qiu and Miao (2000) have
recently suggested that the accumulation of lovemtl vorticity water in the Kuroshio
recirculation region influences the Kuroshio pathriation. They renewed interest in

possible connections of the Kuroshio large-meamaéne whole subtropical gyre system



including the low-latitudes as well as the reciatign region, rather than considering the
meander simply as a local nonlinear phenomenon gsee Saiki 1982; Yamagata et al.
1985; Yamagata and Umatani 1987). Hurlburt et 2996) , using an eddy-resolving,
six-layer primitive equation model, also showed tthhe basin-wide structure of
stratification and the basin-wide increasing/desirggtrend of the wind stress change the
frequency of the large-meander path through bamacliinstability west of the
Izu-Ogasawara Ridge. However, the explicit roleshef meso-scale eddies south of Japan
have not been clarified so far in a basin-scal@ogeneral circulation model (OGCM).

To investigate the Kuroshio path variations resgltirom basin-scale eddy-Kuroshio
interactions, we have developed a basin-wide eddglving OGCM. Since the first
baroclinic Rossby radius south of Japan is aboutd(Emery et al. 1984), a numerical
model needs to have a grid size less than 10knedolve meso-scale eddies. Also, we
prefer a basin-scale model to simulate a whole gystem. To meet these conflicting
requirements, we adopted a one-way nesting metBaod ét al. 2003).

Even with a 1/18 resolution model, Guo et al. failed to reprodube tealistic
Kuroshio path variation. During 7 years simulatfoom 1991 to 1998, their model showed
only the nearshore non-large-meander path, whderélal Kuroshio showed frequent path
transitions between the nearshore and offshoresg&@hbo et al. 2003). Their model area

(24°-44°N, 118°-150°E) did not completely include two regions with mesale eddy

activity: the Kuroshio Extension and the subtropfoant. To overcome the above problem,
we included the two eddy-active regions in the higolution (1/12) model. As a result,
we succeeded to simulate the Kuroshio path vaniataue to eddy-Kuroshio interactions
in the basin-scale OGCM. The model simulation witind and heat forcing from
1992-1998 reproduces the offshore non-large-meangmth, the nearshore
non-large-meander path and the large-meander éke pn Part | based on Miyazawa et al.

(2004), we describe details of the Kuroshio pathati@n in view of the interaction with



meso-scale eddies. Although duration of the sinedldarge-meander like path is shorter
than is observed, analyzing how the large amplinfdbe meander appears may be useful
for study of the Kuroshio path variations. From lgsia of the model simulation, we
suggest a scenario for the formation of the Kurm$dnige-meander.

Our OGCM simulation suggests that the Kuroshio paitiation is strongly affected by
internal dynamics, which largely depends on ingi@te. Therefore, short-term forecast of
the real path variation may be feasible by prop#ialization of the model state. In Part Il
based on Miyazawa et al. (2005b), we conduct histdegperiments of the path transition
from the nearshore to offshore non-large-meandé@®B0 to investigate the predictability
of the real Kuroshio meandering from the viewpaifitthe eddy-Kuroshio interactions.
Data assimilation of the TOPEX/POSEIDON satellitireetry allows us to realistically
initialize the OGCM. In order to systematically &ate the impact of difference of initial
states, moreover, we perform ensemble forecastsriexpnt. In particular, we focus on
relations between intensity of the initial triggetdy and resulting meander amplitude of
the ensemble forecasts. The application of therebkeforecast technique to the Kuroshio
meandering problem seems to be the first compréherdgtempt in the community of
physical oceanography.

This study provides a basis for operational foreegsof the Kuroshio path south of
Japan. Both the OGCM and data assimilation metleye@ldped in the study were used as
prototype components of an operational nowcastfse system of the Japan Coastal
Ocean (Miyazawa and Yamagata 2003; Miyazawa et2@05a). Products of more
advanced nowcast/forecast system will contributertderstanding of the ever-mysterious

Kuroshio path variation.
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1.1 Introduction

The Kuroshio is one of the most energetic westeunbdary currents associated with
high meso-scale eddy activity. It is quite unigu@oag various western boundary currents
that the Kuroshio has three typical paths alongstnhern coast of Japan. As shown in
Fig.1.1, these are the large-meander path, thesine@ non-large-meander path, and the
offshore non-large-meander path according to thimitlen given by Kawabe (1985). The
large-meander and non-large-meander paths persist i few years to a decade,
suggesting a link with basin-wide climate variaoiihe large-meander path has not been
observed during the last decade. However, the itramsbetween the nearshore
non-large-meander path and the offshore non-largenger path has been frequently
observed; the primary period of the path transittoh.6-1.8 years (Kawabe 1987).

Recent studies suggest that the transition betwbennearshore and the offshore
non-large-meander paths during the last decad#lissnced by meso-scale eddy activity
(Ebuchi and Hanawa 2000, 2003; Mitsudera et al1208nalyzing satellite altimetry data,
Ebuchi and Hanawa (2003) suggested that anticylyalonic eddies trigger the offshore
non-large-meander observed from 1993 to 1999. 8kmamerical experiments have been
performed recently to examine how an anticyclomddyeintroduced artificially in ocean
models triggers the transition from the nearshoréhe offshore non-large-meander path
(Mitsudera et al. 2001) or to the large-meanden pahdoh and Hibiya 2001; Akitomo and
Kurogi 2001). However, the inflow/outflow models isudera et al. 2001; Endoh and
Hibiya 2001) or non-eddy-resolving models (e.g.,itééo and Kurogi 2001) cannot
capture the meso-scale eddy activity linked torbasale processes.

Recent observational studies suggest that two kofhaseso-scale eddy activity exist in
this region. The first is westward propagating eddwvith a spatial scale of 500km and a

time scale less than 3 months, probably originatinidpe Kuroshio Extension and entering

the Kuroshio recirculation region at %9 (Ebuchi and Hanawa 2000). The second is



meso-scale eddies located farther to the south 28aM. After being captured by the

offshore current of the Kuroshio south of Okinawee(Ryukyu Current), they are advected
by the Kuroshio itself to the Shikoku Basin, whérey eventually merge with the eddies
propagating from the Kuroshio Extension region idalwva 2001).

Many theoretical works have addressed mechanismhieofKuroshio large-meander
since the pioneering work of Robinson and Taft @)9(&ee references of Qiu and Miao
2000). Using an eddy-permitting, two-layer primitiequation model of the North Pacific,
Qiu and Miao (2000) have recently suggested thatabcumulation of low potential
vorticity water in the Kuroshio recirculation regimnfluences the Kuroshio path variation.
They renewed interest in possible connections @fdtroshio large-meander to the whole
subtropical gyre system including the low-latitudes well as the recirculation region,
rather than considering the meander simply as al loonlinear phenomenon (see also
Saiki 1982; Yamagata et al. 1985; Yamagata and Bmdi987). Hurlburt et al. (1996) ,
using an eddy-resolving, six-layer primitive eqaatimodel, also showed that the
basin-wide structure of stratification and the baside increasing/decreasing trend of the
wind stress change the frequency of the large-nmexapath through baroclinic instability
west of the Izu-Ogasawara Ridge. However, the expioles of the meso-scale eddies
south of Japan have not been clarified so far ugibgsin-scale ocean general circulation
model (OGCM).

The purpose of this part is to investigate possdaaenections between the Kuroshio
path variations and meso-scale eddy activity usamg eddy-resolving OGCM. The
horizontal grid spacing of the model is 1712 both zonal and meridional directions,
which corresponds to about 9km in the Kuroshioaegirhis grid spacing is much smaller
than the first baroclinic Rossby radius in the Nortst Pacific (see Emery et 41984).
The present model with wind and heat forcing froB92-1998 reproduces the offshore

non-large-meander path, the nearshore non-largexeegath and the large-meander like



path.

This part is organized as follows. In Section 1h2 model configuration is described. In
Section 1.3, the mean state and variability of tin@del are discussed. Then sea level
variations are discussed in connection with theokhio path variation. The model skill for
representing meso-scale eddy activities is alsoeatgln Section 1.4, we describe details
of the Kuroshio path variation in view of the irdetion with meso-scale eddies. We also
examine effects of the meso-scale eddy activityhanintensity of the Kuroshio. Section

1.5 is devoted to summary and discussion.

1.2 Numerical model

The present model is based on one of the world aamitsn models, Princeton Ocean
Model (POM) (Mellor 1996). The POM is a three-dirsmmal primitive equation ocean
model including thermodynamics. The vertical conaté of POM is represented by a
bottom-following (sigma coordinate) system. Theiamtal grids are defined on spherical
coordinates The vertical viscosity and diffusivity are calcudt using the level 2.5
turbulent closure scheme of Mellor and Yamada ()198he horizontal viscosity is
calculated by the Smagorinsky-type formulation (§oarasky et al 1965), which is
proportional to the square of grid size and horiabmelocity shear with a coefficient of
0.05. The horizontal diffusivity coefficient is assed to be one half of the viscosity
coefficient. The bottom stress is calculated bygbhadratic formula with an empirical drag
coefficient, the minimum value of which3$x107°, Coastal boundary conditions are no
slip as well as no mass flux.

The model for the North Pacific (Fig.1.2) is runbiath low-resolution (1/2 to 1°) and
high-resolution (1/12) configurations. The bottom topography of the l®selution
model is created from the 1/12global height data, GETECH DTMS5. This low-resaobuti

basin-wide model ranges from 3 to 62N and 100E to 70°W and has 21 sigma levels



in the vertical as in the previous study (Guo e2801). The horizontal resolution varies
from 1/4° in the region corresponding to the high-resolutimodel to I near the
boundary. The high-resolution regional model, wittiform horizontal resolution of 1/£2
extends from 10 to 50°N, 117°E to 180 (Fig.1.2). This high-resolution model has 45
sigma levels (Table 1.1). The distribution of veatilevels is introduced to resolve the
bottom and surface boundary layers. The bottomg@mhy of the high-resolution model
is also created from the 1/2data, DTM5. In addition, the 500m-mesh bottom
topography provided by Hydrographic Departmentagfah is embedded in the coastal sea
around Japan.

The bottom topography in both models has been dmdoto reduce the pressure

gradient error (Mellor et al. 1994). The maximunitbm slope between two adjacent grid

H,-H
points is constrained by the inequalit%i{:—'_'zls 0.2. To reduce the pressure gradient
1 2

error, we have adopted a Gaussian smoother with &¢2le for the low-resolution grid
and with 1/12 scale for the high-resolution grid. A ‘zero forginun’ with a horizontally
uniform, stable stratification allows us to estimdhe current induced by the pressure
gradient error. The magnitude of the erroneousciglaue to the pressure gradient error is
less than a few cm/s for both of the models. We hete that local topography such as the
Koshu Seamount, which may influence the Kuroshith pdynamics south of Japan
(Hurlburt et al., 1996; Endoh and Hibiya, 2001)wisll resolved in the high-resolution
model even after the smoothing.

Northern and southern boundaries of the low-resmiumodel are treated as open
boundaries, along which a radiation condition i®m@dd on external mode velocities,
together with a one-sided advection scheme for ézatpre and salinity. Both temperature
and salinity fields are specified on open boundatsing monthlyclimatology data

(Levitus and Boyer 1994; Levitus et al., 1994). Theernal mode velocities on open



boundaries are assumed to vanish.

Variables on all lateral boundaries of the higheteon regional model are determined
by values interpolated bilinearly from the low-regmn basin model (Guo et.a2003).
Vertical boundary variables for the high-resolutioodel with 45 sigma levels are created
from the low-resolution model with 21 sigma levbig linear interpolation. The radiation
condition considering the sea surface height ofldeer-resolution model is adopted on
external mode velocities to avoid reflection of \giga waves from the open boundary.
Daily mean variables of the low- resolution moded atored on a disk for the purpose of
one-way nesting. The bottom topography near thetbaty of the high-resolution model is
the same as that of the low-resolution model tmnamooth connection of both models by
linear interpolation of sigma coordinate variables.

Sea ice formation and river runoff are not includedhese simulations. Since nudging
to the monthly climatology of temperature and sglim the Okhotsk Sea improves water
mass properties in the mixed water region nortthefKuroshio Extension (H. Mitsudera
2000, personal communication), we followed theaipe in both the Okhotsk Sea and the
Bering Sea. This procedure may be regarded asdadfiparameterization for sea ice and
lateral freshwater effects. The sea surface termyerais nudged to the observed
temperature with a restoring time scale of 7 daysoth regions.

The model is driven by wind stresses, and heatsaltdluxes. The wind stress field is
calculated on a weekly basis from ERS-1 and -2lgatscatterometer data with & *1°
resolution. The Reynolds and Smith (1994)'s sedasartemperature field used in the
simulation is blended from ship, buoy and biasected satellite data with & *1°
resolution also on a weekly basis. The surface fieatis applied using the Haney type
formula (Haney 1971); the coefficient used in thaaction term is 35WMK ™. Salinity
at the surface is restored to the monthly meanatbiogy (Levitus et all994) with a time

scale of 30 days.
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The present simulation is conducted with two stepsinitial spin-up experiment and an
experiment with forcing from 1992-1998. In the spm experiment, the two models are
started from a state of rest with annual-mean teatpee and salinity derived from the
1/4°x1/4° climatology data (Boyer and Levitus 1997). Thensd period is 20 years for
the coarse-resolution model and 12 years for theeresolution model. They are forced by
monthly mean climatological wind stresses deriveainf ERS-1 and -2 wind data and
monthly mean climatological heat flux (Da Silvaatt 1994) modified with the monthly
mean SST data. The simulation used for the pres®lysis is started from the final year
of the spin-up experiment using the weekly meandwstress and the monthly mean
climatological heat flux modified with the weeklyeain SST data from 1 January 1992 to

31 December 1998.

1.3 Themode results

1.31 Mean state of the Kuroshio

Figure 1.3 shows the mean sea surface height fielu the high-resolution model
during the simulation period from 1992 to 1998. Timeodel reproduces the
Kuroshio-Kuroshio Extension system well with reasole separation latitude at around
35°N. In addition, the anticyclonic recirculation gyieresolved on the southern side of
the Kuroshio, which is comparable to the observecrculation (e.g., Hasunuma and
Yoshida 1978). We also note that the model clinogfplof the Kuroshio path south of
Japan is the nearshore non-large-meander path.

The streamfunction averaged for the period from21i®®ough 1998 is shown in Fig.1.4.
The volume transport of the Kuroshio across the linH in the East China Sea (see
Fig.1.1) and that for the Ryukyu Current east ef Nansei Islands are about 25 Sv and 15

Sy, respectively, which are comparable to obseyaat(Kawabe. 1995; Zhu et al. 2003).
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Therefore, the present model resolves successthdlytwo upstream branches of the
Kuroshio. However, the eastward volume transpaidsscthe ASUKA line south of Japan
(Fig.1.1) reaches 79 Swhich is much larger than the mean value of 57 ISseoved from

1992 to 1997 by Imawaki et al. (2001). The volumams$port associated with the Kuroshio
Countercurrent is about 39 Sv in the model while torresponding volume transport

south of Shikoku is only 15 Sv in the observation.

1.3.2 Variability of the surface geostrophic current

In order to examine ocean variability near the azef the eddy kinetic energy (EKE)
field derived from satellite altimetry data suchT&PEX/POSEIDON (T/P) is quite useful.
Because of their global coverage, satellite datacebely capture the spatial pattern of
eddy activity (Stammer 1997). In the present stwdg use the NASA/GSFC Ocean
Pathfinder collinear data set for the T/P altimeteission over the period between
September 1992 and December 1998.

The EKE is calculated from the along-track gradienthe sea surface height anomaly
assuming the geostrophic approximation. Before thaisulation, the model sea surface
height anomaly is interpolated on the satellitekrad’hen the EKE along the satellite track
is interpolated to half-degree-regular-grids usingoptimal interpolation method.

Figure 1.5a shows that the satellite-derived EKFhigher than 0.03 fis™ in the
western subtropical region between°sand 40N. In particular, the North Equatorial

Current and the Kuroshio-Kuroshio Extension showes higher than 0.08 fis™. The

flow field south of Japan also shows high EKE, whieflects the path variation of the
Kuroshio. As shown in Fig.1.5b, the present higéshetion model successfully reproduces
those satellite-derived features. The maximum EKEhe Kuroshio-Kuroshio Extension

region is larger than 0.3 is™ in the model, which is comparable to the obseovatlhe

high EKE in the Kuroshio region is attributed notyto meso-scale eddy activity but also

12



to the path migration of the Kuroshio (Mizuno anchite 1983). The realistic EKE
distribution in the model mainly results from th&gth horizontal resolution (Guo et al.
2003). However, the model does not reproduce Wellabserved EKE in the central part
of the subtropical gyre. This may reflect the deficy of resolving mid-ocean eddies in

the low-resolution model.

1.3.3 Meso-scale eddy activity south of Japan

Using the T/P data, Ebuchi and Hanawa (2000) heperted that significant meso-scale
eddy activity with time scale of 40-200 days isrsée the south of Japan (2B0°N,
135°-155°E). In a subsequent paper, they have suggestedctaéscence of the
meso-scale eddy with the main stream may trigger ghth variation of the Kuroshio
(Ebuchi and Hanawa, 2003).

In order to compare statistical properties of tdyeactivity with observations, we plot
power spectra of sea surface height anomaly caémlilasing the T/P data and the model
output (Fig.1.6). Before this calculation, the mlodea surface height anomaly is
interpolated on the satellite track. Although thedal fails to simulate the eddy activity
with time scales of 40—200 days south of Japai-@FN, 135°-155°E), it successfully
simulates the eddy activity in a slightly more herin region (29-32°N 135°-155°E).
The horizontal scale evaluated from the filtered sarface height anomaly in the latter
region is 500 km (Fig.1.7), which is comparabletvitie observation. The westward phase
speed is estimated using the linear least squattesy ffor maximum correlation in
space-time lag correlation maps (Fig.1.8). Modelestward phase speed is 5.5 cm, s
which is almost the same as the observed valuedot® s*. The vertical sections for
simulated eddies over the Izu-Ogasawara Ridge laoers in Fig.1.9. The eddy has a
diameter of about 400 km and a maximum swirlingespef about 60 cm$ and extends

to a depth of 1000 m. Displacement of the’ @5isotherm reaches about 200 m at the
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center. All these properties correspond well toeobstions (Ebuchi and Hanawa 2000;

Mitsudera et al. 2001).

1.3.4 Path variations of the Kuroshio

Three different types of the Kuroshio path southl@ban are simulated in the present
model which uses atmospheric forcing from Janua®921to December 1998. Two
correspond to the nearshore non-large-meander bedoffshore non-large-meander,
following the definition of Kawabe (1985). The othmath is similar to the large-meander.
The mean path during the simulation period corredpo to the nearshore
non-large-meander path (Fig.1.3). The real Kurogiows only transitions between the
offshore and nearshore non-large-meander pathegltire simulation period (Ebuchi and
Hanawa 2003).

It is well known that the change of the Kuroshiahp#& associated with sea level
changes along the southern coast of Japan. Acgptdirtide gauge data, the sea level
difference between Kushimoto and Uragami (see Higfbr locations) during the
large-meander state is negative (about -100mm) laed variable than during the
non-large-meander state (Kawabe 1995). During tegog from 1992 to 1998, the
large-meander has not occurred (Fig.1.10a). In phesent model, this feature is
reproduced well as shown in Fig.1.11a. The modEledshio path from November 1993
to July 1994 and from January 1998 to May 1998nmlar to the large-meander path. The
sea level difference between Kushimoto and Uragamegative and less variable during
these periods as in the observations of the |largaather, even though the duration is much
shorter than is observed. The actual large-meapdr persists for a period from a few
years to a decade.

Kawabe (1985) showed that the sea level at Haamigofsee Fig.1.1 for location) is

useful for distinguishing the offshore non-largeameéer from the nearshore
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non-large-meander. When the sea level at Hachigjim high, the main axis of the
Kuroshio is close to the Japan coast. On the dthed, the sea level at Hachijojima is low,
when the Kuroshio is away from the coast of Hondburing the period from 1992 to
1998, the real Kuroshio shows path transitions betwthe nearshore and offshore paths
(Fig.1.10b). The time series of the model sea lavéfiachijojima indicates the existence
of two basic states. The nearshore non-large-measdbaracterized by sea level ranging
between 0 to 400mm and the offshore non-large-naasdor the range between —700 to
—-300mm (see arrows in Fig.1.11b). Thus the modgbears to reproduce both
non-large-meander paths during the simulation ge¥ie note that a low sea-level state at
Hachijojima in the model appears to correspondhéostate of negative sea-level difference
between Kushimoto and Uragami. This feature isms@ient with observation; the typical
large-meander shows high sea level state at Hgiohg@Kawabel985).

In summary, the model reproduces both of two nogelaneander states, but its ability
to reproduce the large-meander state needs impeavelbecause the duration is too short
compared to observations. Thus we must distingihisisimulated large meander like path
from the real large-meander. The low sea levelestdt Hachijojima, which has been
frequently observed in the decay phase of the {argander (Kawabe 1995), may be
associated with the short duration of the largendea like path in the present model.
Nevertheless, the existence of the brief large-meatike path states in the model is
worthy of further investigation; the present modglpears to capture almost all key

elements in the Kuroshio large-meander formation.

1.4 Roles of meso-scale eddies on the Kuroshio path variations

1.4.1 Offshorenon-large-meander

The sea level at Hachijojima exhibits a low stated short period of about one month
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three times from February 1993 to August 1993 éemws in Fig.1.11b). These short-term
variations correspond to the offshore non-largesrdea as mentioned in the previous
section. We analyze the formation of the offshaye-farge-meander here in detail.

As shown in Fig.1.12, small anticyclonic eddies fawend along the offshore side of the
Kuroshio from the Luzon Island to the Kuroshio realation region in the summer of
1992. Anticyclonic eddies passing through the Takatrait influence the Kuroshio path
there and induce subsequent small meanders fudinenstream, southeast of Kyushu
(Fig.1.12b). Ichikawa (2001) has discussed the dtweam propagation of the
anticyclonic/cyclonic eddies along the KuroshidNansei Island using the T/P, ERS-1 and
ERS-2 altimetry data. The small anticyclonic edghegpagating downstream are absorbed
by a large anticyclonic eddy located near the Igasawara Ridge as shown in Fig.1.12d,
1.13a. The large eddy then propagates westwardcalfides with the Kuroshio east of
Kyushu about three months after the eddy formafig.1.13b). The Kuroshio to the east
of the Kyushu is intensified and then meanders eftlte Kii Peninsula in February of
1993 (Fig.1.13c). This eddy-Kuroshio interactionogess is similar to a real event
observed in 1998 (Mitsudera et al. 2001; Ebuchildadawa 2003). The anticyclonic eddy
associated with this offshore non-large-meandeivegoby absorbing small eddies near
the Izu-Ogasawara Ridge and finally separates ft@Kuroshio. Then the whole process

is repeated two more times (e.g., Fig.1.13d).

1.4.2 Large-meander like path

The Kuroshio took the large-meander like path dfieze episodes of interaction with an
anticyclonic eddy during the state of the offshoren-large-meander as described in
Subsection 1.4.1The large-meander like path thus generated is ededcwith negative
sea level difference between Kushimoto and Uragamm November 1993 to July 1994

(Fig.1.11a). The anticyclonic eddy indicated by #weow in Fig.1l.14a starts moving
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westward. Then the eddy collides with the Kurosfia.1.14b) and is advected back

eastward by the current. Associated with this pgecéhe large-meander like path grows

southeast of the Kii Peninsula (Fig.1.14b, 1.14¢ hri4d). This large-meander like path is

strengthened by absorbing a cyclonic eddy easteofau-Ogasawara Ridge and then sheds
a strong eddy, that is, a cyclonic ring. This ressul a nearshore non-large-meander path
(not shown).

The second large-meander like path occurs suddenhnuary 1998 (Fig.1.15). The
weak cyclonic eddy south of Shikoku is first captliby the Kuroshio, as indicated by the
arrow in Fig.1.15a. The meander southeast of thePEninsula grows just after that as
shown in Fig.1.15b, 1.15c, and 1.15d. The secomgdmeander like path also absorbs the
cyclonic eddy east of the 1zu-Ogasawara Ridge, thed moves toward the east of the
Izu-Ogasawara Ridge and returns to the non-larganoer (not shown).

In order to analyze the meander growth, the vdriretocity at 400m depth and the
abyssal flow at 4000m depth are shown for the targd-meander cases and for one
non-large meander case (Fig.1.16). Large anomalousward velocity is found on the
east half of the meander trough, whereas anomalpwsird velocity is found on the west
half. Abyssal anticyclonic circulation exists beltlwe upper downwelling region. Cyclonic
circulation occurs at mid-depth (2000-3000m), betbe upwelling region (not shown).
These features are consistent with the dynamicalstcaint of potential vorticity
conservation. The large-meander like path (Figd,d6is associated with the strengthened
abyssal anticyclonic circulation around the KoshaarSount and shows a contrast to the
offshore non-large-meander path (Fig.1.16c), asigusely simulated by Hurlburt et al.
(1996) and Endoh and Hibiy2001).

Figure 1.17 shows the kinetic energy at 4000m deptbraged in 31532.5°N,
132°-137°E. There are four peaks (> &#0*m’s™?) during the simulation period.

Three of them correspond to the large-meander patlsare indicated by arrows. The
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fourth peak, in October 1994, is due to passagbetyclonic eddy through the analysis
region. The offshore non-large-meander (e.g., #kpn August 13, 1993) is associated
with much smaller kinetic energy. The marked ris¢hie abyssal kinetic energy during the
onset phase of the large-meander like path sugygesisal kinetic energy transfer due to
baroclinic energy conversion. In the next subsectwe address the energetics of the

meander growth.

1.4.3 Energeticsof the meander growth

To examine how the meander grows, we have analgoadlenergetics in a way similar
to Masina et al. (1999) and Wells et al. (2000)e Tsults are also compared with a
standard linear stability analysis to clarify metisens of the initial growth. Although the
simulated large-meander like paths are short-livemmpared with the observed
large-meander, the present analysis is useful iderstanding the genesis of the
large-meander like path.

The local energy transfer from mean kinetic endmyeddy kinetic energy associated

with barotropic instability is expressed as follows
—— 00 ——( 00 _ov) ——dv
K=-uu—+uV| —+—|+VV — |, (1.1)
0X dy Ox ay

where the overbar and prime quantities representntban and fluctuations in time;

u(v) is the eastward (northward) mean velocity an¢v' is the eastward (northward)
perturbed velocity. WherK is positive, the barotropic energy transfer mayegate
ou

disturbances. Magnitude of the vertical stress %H{U'_V\/E+W%J is negligibly

small compared with that of the horizontal defororatwork terms (1.1) (not shown).

Similarly, the energy transfer from mean potergiaérgy to eddy kinetic energy is judged
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by the following term:

u'_p'gx+v’_p"25
P=-g @, (1.2)
dz

where gis the gravity acceleration, an@',p,0,(z) are the perturbed, mean, and
background density fields. When P is positive,ldaeoclinic energy transfer may generate
disturbances. A part of P is transformed into elietic energy through the buoyancy
termB = —go'W , where is w the perturbed vertical velocity. However, the coicgted
distribution of vertical velocity due to rough bmtt topography prevents us from obtaining
a meaningful view from the plot oB (Wells et al. 2000).

Figure 1.18a shows a meridional section at°B®f the time-averaged eddy kinetic

energy (u'? +V2)/2 during the period when the first meander grows.fM& two peaks;
one is at the Kuroshio core of the non-large-meapdéh (33N) and another is on the
offshore side of the Kuroshio (32®). Meridional sections of the conversion termstK a
136°E (Fig.1.18b) show two positive K regions (on timslwore side at 33N and on the
offshore side at 32”N) within the upper 300m. On the other hand, th&imam of P is
found at the Kuroshio core near “338 (Fig.1.18c). This corresponds to the maximum of
the eddy kinetic energy on the onshore side (Figd). We also note that the positive P
region extends to the main thermocline at 600m hdephis suggests that the evolving
cyclonic disturbance due to baroclinic instabilityay influence the movement of the
Kuroshio core of the non-large-meander path dutiregonset phase of the large-meander
like path. Barotropic instability appears to bepassible for further growth of the meander
because the maximum of the eddy kinetic energyheroffshore side at 3N (Fig.1.18a)

is accompanied only by the maximum in K. The entzgdor the other large-meander like
path show similar features (not shown). As showhigl.19, time series of three monthly

mean eddy kinetic energy, barotropic conversion laaaclinic conversion averaged over

19



31°-33.5°N, 135°-136°E exhibit two peaks within the periods when theydameander
like path occurs.

Time series of both vertical and horizontal velpahear averaged along the Kuroshio
main stream show that the vertical shear of theohio increases prior to the onset of the
large-meander like path (Fig.1.20). This leads nbamcement of the baroclinicity. The
horizontal shear of the Kuroshio also increases ppoi the large-meander like path, leading
to a favorable condition for barotropic instabilitfhose pre-conditions permit the
Kuroshio to generate the meander through the ictiera with finite-amplitude
disturbances, that is, meso-scale eddies. Zhu €2@01) also observed increase of both
vertical and horizontal shear of the Kuroshio sanitiShikoku prior to the path transition
from the nearshore to the offshore non-large-meathgieng the period from 1994 to 1995.

We, therefore, analyze the stability of the predbomed Kuroshio using a
two-dimensional inviscid primitive equation modedf.( Xue and Mellor 1993). The
preconditioned velocity profile at longitude of ¥ from 31°N to 33.5 N is used for the
analysis. The bottom topography and the velocityfiler are approximated using the
analytical functions as described in the Appendikigure 1.21 shows the growth rate and
the phase speed for the unstable modes corresgptalimbove two meanders. The most
preferred mode has an e-folding time of 3.0-3.4scayd wavelength of 240-260km. The
phase speed for the most unstable wave is 35 kndddydoes not show significant
dependence on the downstream wave number. Chasticgenof the most unstable mode
are summarized in Table 1.2. The energetics oltisable mode is calculated using the
baroclinic conversion term P, the buoyancy termnB the barotropic conversion term K.
As shown in Table 1.2, the ratios of B and K tohBvg that baroclinic energy transfer is
mainly responsible for the growth of the unstabéevev

Similar characteristics of the meander simulatetheyOGCM were estimated from the

sequences of sea surface height (Table 1.3). TioeofeK/P estimated in the onshore
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region for the OGCM indicates that the baroclimstability dominates in the onshore side
during the initial growth. On the other hand, beopic instability is responsible for the
growth in the offshore region. The simulated meamuews and moves more slowly than
expected from the linear stability analysis. They&@@ngth is larger than the theoretical
prediction. The structure of the unstable distudea(frig.1.22a) does not correspond well
to that of the simulated disturbance in the OGCM.(F18a). The vertical structures for
the barotropic conversion term K and the baroclmnversion P (Fig.1.22b, c¢) are not so
similar to those in the OGCM (Fig.1.18b, c). Theehr stability analysis can not well

explain the meander growth in the OGCM.

1.4.4 Variation of the Kuroshio recirculation

The present analysis of the model results sugdbatsthe pre-conditioned Kuroshio
may generate the large-meander like path throughirtteraction between the Kuroshio
and either an anticyclonic or a cyclonic eddy. Adang to Kagimoto and Yamagata (1997),
the anticyclonic Kuroshio recirculation is intemsif by a merger of anticyclonic eddies.
Therefore we discuss roles of the Kuroshio recatoh at the preconditioning phase. To
achieve this, analysis of the vorticity budgetseful.

The vorticity budget is calculated using the foliog equation (Ezer and Mellor 1994;

Kagimoto and Yamagata 1997).

9(0(D) _o(D))_ _ 0&_6& - a(fUD)+a(f\7D) +J(R,,D) +curl(r,—1,) (1.3)
ol ox dy ox dy ox ay >’ P

where D is the depth,(Ua\_/) are the vertical averaged velocities'?&(pv) are the

vertically integrated advection plus diffusion ternm the zonal and the meridional
momentum equations, respectivelf/,is the Coriolis parametert is the bottom pressure,

and 7s:7y are the wind and the bottom stressesspectively. J denotes the Jacobian

operator. The term on the left hand side is théaritr tendency term, and the terms on the
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right hand side are the advection plus diffusiorthef vorticity, the planetary geostrophic
divergence, the bottom pressure torque, and thieofuwind and bottom stresses. The
second term on the right hand side of Equation) ($.82duced to the planetary beta effect
when the time dependence of the surface elevaiorgligible (Kagimoto and Yamagata
1997).

Figure 1.23a shows the time series of vorticifyd/ox —ouD/dy) averaged in the
Kuroshio recirculation region (3633°N, 133°-140°E). The area-averaged anticyclonic
(i.e., negative) vorticity is significantly intefigd just before the occurrence of the
large-meander like path. The anticyclonic vorticityeraged in the area excluding the
cyclonic meander region shows a more drastic vanafhe time evolution of all terms in
(1.3) is shown in Fig.1.23b. We note that diffusisnnegligible in comparison with
advection; the wind stress is negligible in comgamiwith the bottom stress in this region.

During the non-large-meander period, the negatieta-bdvection and nonlinear
advection terms are almost balanced with the peskibttom pressure and stress torques.
This suggests that the Kuroshio interacts with fioétom slope through the bottom
pressure torque during the period. The advectidansifies the anticyclonic vorticity
during the non-large-meander period; each negapeek of the advection term
corresponds to intrusion of the anticyclonic eddiearticular, the anticyclonic vorticity
is supplied by the advection from summer of 1992atwumn of 1993 in the model
(Fig.1.12, 1.13).

When the first large-meander like path occursptlance among terms drastically
changes. The beta-advection term changes fromatinegalue to a positive value owing
to the strong southward flow. The nonlinear adwegcterm and bottom stress torque
frequently change sign owing to large variationhaf cyclonic meander and the
anticyclonic recirculation. Because of lack of dams supply, the anticyclonic vorticity in

the recirculation region weakens during the largeander period. The second
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large-meander like path occurs after the anticyclearticity is again significantly
intensified in summer of 1997. In the end of 1%8jough the anticyclonic vorticity is
intensified, the meander does not growth. Figu?d suggests that rapid decline in the
anticyclonic vorticity due to interaction betwedre tanticyclonic and cyclonic eddies may
affect the Kuroshio path.

The time series of the model Kuroshio volume transacross the PN and ASUKA lines
suggests a cause of the intensification of the ghimrecirculation (Fig.1.25). The volume
transport across the PN line increases seasonh#y the anticyclonic eddies pass through
the PN line in summer (Kagimoto and Yamagata 19%9fg interannual increase of the
Kuroshio volume transport across the PN line dutirggperiod from 1993 to 1994 and the
period from 1997 to 1998 is also due to the inteuah enhancement of the eddy activity.
Since the anticyclonic eddies intrude into the kshio recirculation region and circulates
in the region (see Fig.1.12, 1.13), the volumedpant across the ASUKA line is highly
variable. The intensification of the anticycloniaud§shio recirculation corresponds to
merger of anticyclonic eddies traced back to tiygoreof the northeast of the Luzon Island
(e.g., Fig.1.12). In 1995, the recirculation is ueed by intrusion of a cyclonic eddy
despite the merger of the anticyclonic eddies fthenupstream region.

Both theoretical and observational studies (e.chit§/and McCreary 1976; Kawabe
1995) suggest that the Kuroshio path south of Jépaslated to variation of the volume
transport and the surface velocity at upstreamtilmes, e.g., the PN line. Figure 1.26
shows relations among the Kuroshio volume transplogt surface velocity, and the large
meander like path from the present model. The largander like path is basically
associated with large transport and large surfeg@city on an interannual time scale. This
is consistent with another model result, (Kagimd®@99), and supports the relation
obtained from observations (Kawab895). This typical tendency corresponds to ths fir

meander from November 1993 to July 1994. HoweVer,large-meander like path exists

23



even when the transport and surface velocity ase nermal. The latter case corresponds
to the second meander from January 1998 to May.1®@8suggest that the supply of
anticyclonic eddies from the upstream region asnvshby the increase of the volume

transport in 1997 destabilizes the Kuroshio priothie second meander (Fig.1.25a).

15 Summary

We have discussed the results from the OGCM expesttirfor the period from 1992
through 1998 using the high-resolution nested gnimdel for the North Pacific. It has
turned out that the present model successfullyodepres several important features. Those
features are: 1) the propagation of anticyclonidiesl and their merger with the Kuroshio
recirculation in the Shikoku Basin, 2) frequent wetence of the offshore
non-large-meander owing to the interaction betwtwsn Kuroshio and the anticyclonic
eddy, 3) the intensification of the Kuroshio reuiation (identified by the increase of
volume transports across the ASUKA lines) due fapsuof anticyclonic vorticity prior to
the large-meander like path, 4) the large-meanéter dath triggered by the interaction
between the anticyclonic eddy and the strong Kucosdtirculation, and 5) the demise of
the meander after shedding the cyclonic ring intiexas by the merger of the cyclonic
eddy.

A synthesis of these results leads to the followsegnario for the formation of the
Kuroshio large-meander. At the beginning, anticyaleeddies are activated near Taiwan or
the Philippine coast and advected by the Kurostio the Shikoku Basin. The transport
across the PN line increases by the successiwabaf those anticyclonic eddies and the
anticyclonic Kuroshio recirculation south of Shikols intensified by the merger of those
eddies. Then, the Kuroshio large-meander is gegrbtArough the interaction between the
intensified Kuroshio recirculation and the anti@put/cyclonic eddies. During the

meandering period, the meandering cyclonic jet meatlby absorbing a cyclonic ring
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propagating from the Kuroshio Extension and evdlytgaeds the cyclonic ring. Thus, the
large-meander state ends. The above scenario ssidigesmportance of eddy activities to
the Kuroshio meandering and provides a key to ptatle ever-mysterious phenomenon
of the Kuroshio meander; the eddy activities introel a favorable condition for the
Kuroshio large-meander through intensification loé tKuroshio recirculation. Since the
simulated large-meander like path is unstable, sbenario provides no favorable
conditions for the long-lived meander.

So far, observational studies have suggested tiegaKtroshio large-meander occurs
through generation of a small meander southeastyakhu (so-called trigger meander
according to Solomon (1978)). The present modeivshtihat the anticyclonic/cyclonic
eddies propagate westward along’-32°N (see Fig.1.6d) and interact directly with the
Kuroshio south of Shikoku. Since the actual eddiemy interact with the Kuroshio
southeast of Kyushu, the concept of the triggerndeamight have captured this possible
phenomenon (Endoh and Hibiya 2001).

The simulated large-meander like path does notigtelieng and it changes into the
offshore non-large-meander. The meander east oflzhg@gasawara Ridge and the
cyclonic eddy south of the Kuroshio Extension iafiae the stability of the large-meander
in the model (see Fig.1.14 and 1.15). This studygests that the persistence of the
Kuroshio large-meander is strongly affected by rieso-scale eddies generated by flow
instabilities. Ichikawa and Imawaki (1994) reportéde merger of the Kuroshio
large-meander and the cyclonic eddy originated ftloenKuroshio Extension using Geosat
data. They did not clarify how this event influeddabe amplitude of the large-meander.
More intensive observational studies are certam#eded to clarify the interaction of
meso-scale eddies with the Kuroshio path variation.

In the present simulation, the large-meander it pccurs through the intensification

of the Kuroshio recirculation caused by the intergal variation of the Kuroshio transport
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across the PN line. The volume transport of the okhio increases through the
amplification of the anticyclonic eddies originatedthe region near the Luzon Island as
indicated by the local maximum of the EKE thereg(Ei5b; also see Fig.1.12, 1.13a,d).

More detailed analysis of eddy activity near thedmw Island is certainly necessary.
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Appendix.1: Linear stability analysis

Linear instability of the velocity profile of the ufoshio is investigated using a
two-dimensional, inviscid primitive equation modef. Xue and Mellor 1993) to clarify
mechanisms of the initial growth of the meandere Tdoverning equations for the

disturbances are

a_u+Ua_u—fV+Va_U+Wa_U+ia_p:
ot X oy 0z p, 0X
a_V+U a_v+f +ia_p_
0 0x P, 0y
1 dp
b-——=0
o 07 (1.A.2)
Ju o0v ow
_ _+__0
ox 0y 0z
ob ob 0B 0B
— —+Vv—+w—=0
ot 0X oy 0z

where u,v and w represent X, y, and z components of the pertunbatelocity vector;
p is the perturbation pressure, abhds the perturbation buoyancy=-go(y,z)/ p,. A
steady currend(y,z) is assumed to flow in parallel to the coast, whgh thermal wind

balance, for exampléy, =B, where subscripts indicate partial derivatives. bhendary
conditions are

v=0 at y=0
puv -0 as Yy o

w=0 at z=0 (1.A.2)
w= —v@ at z=-h(y)
oy

For later convenience, we introduce a bottom-foil@acoordinate:

C:1+FéE (1.A3)

Then the vertical velocity is transformed into
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oh
=w-(¢-Dv—. 1.A4
w=w-(¢ )Vay ( )

We assume perturbed disturbances of the form

u=Rdi(y,{)exp((ot +kx))]
v=Rdiv(y,¢)exp((at +kx)]
u= chz)(y,i) exp((at +kx)) (1.A5)
b=Rjib(y,¢)exp((ct +kx))

p=Rdip(y,¢)exp((at +k))]

where k is the downstream wave number aod= o, +ig;, the frequency. The above

system is solved by the spectral technique. Itthiaged out that a truncation level of 28 is
sufficient to obtain a converged solution. Intezdsteaders are referred to Xue and Mellor
(1993) for details of the spectral technique.

In the present analysis, the meridional sectiorKofoshio from 31 to 33.5N at
136° E is adopted. The bottom topography including argheontinental slope is

approximated by the following function (Xue and Mel1993):
_ 1 _ Y~ Ym
h(y) = Hs+§(Hd H,)<1+tanh———¢, (1.A.6)
a
where H, and H,are the minimum depth and the maximum depth in dbmain,
. ) L . H,-H, .
respectively. The width of the slope is givendbyand the maximum slope,z—s, IS
a

realized ay = y,_,. The four parameterd_,H,,a,y,,) are given by 1110m, 4600m, 20km,
80km, respectively; they are determined by thetlsagsiares method from the model
topography. The background velocity and horizogtaldient of buoyancy field are given

by the following formula as in Xue and Mellor (1993
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Z
U(y,2) =uoexp(z——vf)

S

z 1
Y =Y (Y)=[y-y; d-—2)]—
ZsA yd
z
A=A +2-2
A H,
Z(Yar = Ya)  Yar ~ Yar .
- - if Y<0
y, =17 H, H, (it Y<0) (1.A.7)
Vo it Y, >0)

B, (y,2) = =0 {HY{V*AZ —Yﬁ%]}em{i—rz}
Zs ydA yd dZ Zs
dy, —% (if Y <0)

0, d
dz 0 (it Y >0)

where U, is the maximum velocity of the Kuroshioy, is the distance of the location of
the surface velocity maximum from the northern ktany, y, is the width of the Kuroshio,
z, is the velocity decreasing rate against depth, @ds the southward tilt of the

maximum velocity with increasing depth. The aboxeparameters

(Yo, Z,, Y Yarr Yaar Ay) are determined by the least squares method éot@day mean

velocity data just before the meander occurs. Patension 12 October 1993 and on 9

January 1998 are summarized in Table 1.A.1. ToimBy,z), B,(y,z) in (1.A.7)is

integrated numerically. The integration beginshatfouthern boundary since isodensity

surface are nearly flat. Profiles &f and B are shown in Fig.1.A.1.
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Tables

Table 1.1 Sigma coordinate used in the high-reswmluhodel

Layers| Sigma coordinate Layers| Sigma coordinate
1 0.000 26 -0.325
2 -0.002 27 -0.350
3 -0.005 28 -0.375
4 -0.010 29 -0.425
5 -0.015 30 -0.475
6 -0.025 31 -0.525
7 -0.035 32 -0.575
8 -0.045 33 -0.625
9 -0.055 34 -0.675
10 -0.065 35 -0.725
11 -0.075 36 -0.775
12 -0.085 37 -0.825
13 -0.095 38 -0.875
14 -0.105 39 -0.900
15 -0.120 40 -0.925
16 -0.135 41 -0.950
17 -0.150 42 -0.970
18 -0.165 43 -0.980
19 -0.180 44 -0.990
20 -0.195 45 -1.000
21 -0.210

22 -0.225

23 -0.250

24 -0.275

25 -0.300
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Table 1.2 Characteristics of the most unstable viawvevo velocity profiles. B/P denotes
the ratio of the buoyancy teffto the baroclinic conversion terfh, and K/P denotes

the ratio of the barotropic conversion term toltlheoclinic conversion ternP .

growth rate phase speed wavelength K/P B/P
(1/day) (km/day) (km)
Profile on 3.4x10" 35 260 0.120 0.863
12 Oct. 1993
Profile on 2.9x10*" 35 240 0.077 0.875
9 Jan .1998

Table 1.3 Characteristics of the meanders simulayethe OGCM. K/P in the onshore

region denotes the ratio of the barotropic coneerserm to the baroclinic conversion term

P in32.5-33.5°N, 135-136"E, and K/P denotes that in 31°633.5’N, 135 -136 E.

growth rate phase speed wavelength K/P in theK/P
(1/day) (km/day) (km) onshore region
Meander on 0.7x107" 12 600 0.208 0.655
Oct. 1993
Meander on 0.7x10™" 6 720 0.221 0.427
Jan .1998
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Table 1.A.1 Parameters of two velocity profiles

Uo(m/s) | Z(m) |y, (km) Ya(km) | Yg(km) | A
Profile on 1.60 650 110 36 74 3.5
12 Oct. 1993
Profile on 1.38 655 100 34 66 4.3
9 Jan .1998
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Figure 1.1 Tide gage stations and typical paths ( LM: large-meander path, oNLM: offshore
non-large-meander path, nANLM: nearshore non-large-meander path ) of the Kuroshio. The numbers
denote the tide stations and the abbreviations represent locations; 1: Naze, 2: Nishinoomote, 3:
Kushimoto, 4: Uragami, 5. Hachijojima, Ki: Kii Peninsula, S: Shikoku, Ky: Kyushu, and IOR the
Izu-Ogasawara Ridge. We note that Uragami (4) is located slightly downstream of Kushimoto (3). PN
and ASUKA denote the CTD line of the JMA Nagasaki Marine Observatory and the line of the
ASUKA observation group, respectively.
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Figure 1.2 Bottom topography. The nested area is indicated with a bold rectangle.
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Figure 1.3 Mean sea surface height of the model from 1992 to 1998. Contour interval is 0.1 m.
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Figure 1.4 Mean streamfunction of the model from 1992 to 1998. Contour interval is 10 Sv.
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Figure 1.5 Mean eddy kinetic energy (in ms) calculated from sea surface height anomaly (September
1992-December 1998). (a) TOPEX/POSEIDON altimetry. (b) Model result.
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Figure 1.6 Power spectra of sea surface height anomaly. (a) TOPEX/POSEIDON data averaged in the
region (27°-30°N, 135°-155°E), (b) the model result averaged in the region (27°-30°N, 135°-155°E),

(c) TOPEX/POSEIDON data averaged in the region (29°-32°N, 135°-155°E), and (d) the model result
averaged in the region (29°-32°N, 135°-155°E). An error bar indicating 95% confidence level is shown

in each figure.
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Figure 1.7  Along-track lag correlation of filtered sea surface height anomaly averaged in the region
(29°-32°N, 135°-155°E). (a) TOPEX/POSEIDON. (b) the model result. Standard deviation is plotted
with interval of 50km lag.
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Figure 1.8 As in Fig.1.7 except for cross-track space-time lag correlation.
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Figure 1.9 Depth-latitude sections at 139°E. (a) Temperature and (b) eastward velocity of a simulated
anticyclonic eddy on 7 September 1992. (c) Temperature and (d) eastward velocity of a simulated
cyclonic eddy on 17 September 1994. Contour interval of temperature is 1°C and that of velocity is 0.2
msL.
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Figure 1.10 (a) Time series of observed sea level difference between Kushimoto and Uragami. (b)
Time series of observed sea level at Hachijojima. Both data are averaged over 10 days and the reference
value is the mean for the period from January 1992 to December 1998. The sea level data were
corrected for barometric pressure using daily mean values.
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Figure 1.11 As in Fig.1.10 except for the model result. Lines with arrows denote the large-meander
period. The arrows denote the onset of the offshore non-large-meander path.
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Figure 1.12 Evolution of sea surface height showing the downstream propagation of the anticyclonic
eddies Contour interval is 0.05m. Regions > 0.6m are shaded. (a) 19 June 1992. (b) 9 July 1992. (c) 29
July 1992. (d) 18 August 1992.
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Figure 1.13 As in Fig.1.12 except for showing the interaction of the anticyclonic eddy (indicated by
arrows) and the Kuroshio. (a) 7 September 1992. (b) 6 December 1992. (c) 4 February 1993. (d) 13
August 1993.
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Figure 1.14 As in Fig.1.12 except for showing the amplification of the Kuroshio meander due to the
interaction with the anticyclonic eddy (indicated by an arrow in (2)). (a) 9 February 1994. (b) 1 March
1994. (c) 21 March 1994. (d) 10 April 1994.
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Figure 1.15 As in Fig.1.12 except for showing the amplification of the Kuroshio meander due to the
interaction with the cyclonic eddy (indicated by an arrow in (2)). (a) 10 December 1997. (b) 9 January
1998. (c) 8 February 1998. (d) 10 March 1998.
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Figure 1.16 Snapshots of the smoothed vertical velocity at 400m of depth. (a) The large-meander case
on 13 August 1993. (b) The large-meander case on 21 March 1994. (c) The offshore non-large meander
case on 8 February 1998. The shaded region denotes upwelling and the dashed contour denotes
downwelling. The Koshu Seamount is indicated by a closed circle in each panel. The contour interval is
-0.03, -0.02, -0.01, -0.005, 0.005, 0.01, 0.02, 0.03 cms . The horizontal velocity at 4000m depth is
also shown by the vectors. To show the Kuroshio path, the temperature contour of 13°C at 400m depth
is denoted by the thick line.
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Figure 1.17 Time series of kinetic energy at 4000m depth averaged over 31.5°-32.5°N, 132°-137°E.
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Figure 1.18 Depth-latitude sections at 136E for (a) time mean eddy kinetic energy (contour interval is
0.1 m?s~2), (b) time mean barotropic conversion (contour interval is 0.5 x10~®n?s3), and (c) time
mean baroclinic conversion (contour interval is 0.5 x10~8m?s=3). The period of time mean is from 2
October 1993 to 10 January 1994. A diamond in (a) indicates mean position of the Kuroshio.
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Figure 1.19 (a) Time series of three monthly mean kinetic energy averaged over 31°-33.5°N,
135°-136°E. (b) As in (a) except for baroclinic conversion (thick line) and barotropic conversion
(dashed line).
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Figure 1.20 Time series of the RMS velocity shear of the Kuroshio main stream in 134°-138°E and in
100m to 1000m. The Kuroshio main stream is defined as the region in which mean velocity is larger

than 0.4 ms~L. Variations with time scale shorter than 30 days are removed. (a) Vertical shear. (b)
Horizontal shear.
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Figure 1.21 Growth rate and phase speed for the velocity profiles at 136°E on 12 October 1993 (solid
line) and on 9 January 1998 (dashed line). Thick lines denote growth rate and thin lines denote phase

speed.
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Figure 1.22 Depth-latitude sections at 136°E for (a) structure of the growing disturbances (i + ¥?),
(b) barotropic conversion (c) baroclinic conversion.
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Figure 1.23 (a) Time series of mean vorticity of vertically integrated velocities in 30°-33°N,
133°-140°E (solid line). Dashed line denotes mean vorticity in the area excluding the Kuroshio
meander. Variations with time scale shorter than 30 days are removed. (b) Time series of torque balance
in 30°-33°N, 133°-140°E. Variations with time scale shorter than 30 days are removed.
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Figure 1.24 As in Fig.1.12 except for showing the interaction between the anticyclonic and cyclonic
eddies. (indicated by arrows) (a) 15 November 1996. (b) 15 December 1996. (c) 14 January 1997. (d)
13 February 1997.
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Figure 1.25 Time series of the model Kuroshio transport across (a) the PN line relative to 700m and
(b) the ASUKA line upper 1000m from 1992 to 1998. Thin line denotes the filtered estimate (longer
than 1 year) of the volume transports.
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Figure 1.26 Relations between the surface velocity of the Kuroshio (in the Tokara Strait) and the
volume transport (across the PN line). Closed circles correspond to the large-meander and crosses
correspond to the non-large-meander. The unit is one standard deviation from the mean. The surface
velocity in the Tokara Strait is estimated from the sea level difference between Naze and Nishinoomote
(L and 2 in Fig.1.1, respectively).
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Figure 1A.1  The Kuroshio front at 136°E. Thick contour denotes velocity (m/s). Dashed contour
denotes density (gy). (a) Profile approximated by using formulae (A.1.7) on 12 October 1993. (b) As in
(a) on 9 January 1998. (c) Snapshot of the OGCM simulation on 12 October 1993. (d) Asin (c) on 9
January 1998.
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2.1 Introduction

The transition of the Kuroshio path between thegdameander state and the
non-large-meander one has been extensively inastlgby both theoretical and
observational studies. The theoretical studies.,(eMpsuda 1982) suggest that the
Kuroshio can possess multiple equilibria under slaene external conditions. Kawabe
(1995) discussed the equilibrium states of the Khim system and showed that the large
meander appears when the upstream volume trarispefatively large.

As in the atmospheric blocking, we may classifie ttheoretical studies into two
categories: nonlocal (e.g., White and McCreary 1®&suda 1982) and local approaches
(Yamagata and Umatani 1989). The former adoptderavave theory for Rossby wave
and formulates the Kuroshio bimodality problem d&®andary value problem in which the
phase speed C of Rosshy wave satisfies suitalde¢ @amd outlet conditions imposed at
respective boundaries near the strait south of Kyusnd the one at the Izu-Ogasawara
Ridge. In this case, the large-meander state ewisen the upstream current U satisfies
either subcritical (U+C<0) or critical (U+C=0) catidns. On the other hand, Yamagata
and Umatani (1987; 1989) demonstrated that, foneritical condition (U+C>0), the
observed large-meander can be interpreted as dasiation of the geometrically trapped
nonlinear solitary wave. Mitsudera and Grimshaw9@)9extended the theory into a
baroclinic case and showed that the specified lamabgraphy can generate a stationary
large-amplitude wave through baroclinic instabilipyocess satisfying a supercritical
condition. The observational study of Kawali®95) supports the local approach at least
for the meander formation (Mitsudera and Grimsh&8@4). Recent modeling studies using
realistic topography suggest that even a local seainsouth of Japan is important for the
formation of the Kuroshio large-meander (Hurlburtaé 1996; Endoh and Hibiya 2001;
Part I).

In the framework of the above local approach, iteoms between multiple equilibria
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are governed by initial disturbances if the givéaiesis within the appropriate dynamical
regime (Yamagata and Umatani 1987; Mitsudera anunsbraw 1994). In fact, this

conjecture was tested numerically and the tramstidetween different states are
successfully simulated in some modeling studieg.,(€endoh and Hibiya 2001). The
Kuroshio volume transport has been either largmtermediate since 1975, however, the
stable large-meander has not occurred in the lesade (see Quick Bulletin of Ocean
Conditions by the Japan Coast Guard; Qiu and M@®p Therefore, if the real Kuroshio
state falls in one of the multiple equilibrium stsince 1975, it is interesting to
investigate, based on hindcast experiments usimgalistic ocean general circulation
model (OGCM), how the Kuroshio path variation iss@ve to the initial disturbances.

Recent observational studies using the satedlitaneter and thein-situ Acoustic
Doppler Current Profilers (ADCPs) showed that mesale eddies are very active south of
Japan (Ebuchi and Hanawa 2000). Regional numesitalies (Mitsudera et al. 2001;
Endoh and Hibiya 2001) employing the inflow-outflowoundary conditions also
demonstrated that a meso-scale eddy triggers thesKio large-meander or offshore
non-large-meander. Ebuchi and Hanawa (2003), ubiegatellite altimetry data, reported
that three offshore non-large-meanders in 1993,81%hd 1999 were triggered by
anticyclonic eddies. In Part I, we were successfsimulating the Kuroshio path variation
induced by the eddy-Kuroshio interaction using sitbavide eddy-resolving OGCM.

So far, a few studies have examined possibilitpmérational numerical predictions of
the Kuroshio path south of Japan. Komori et al.0@0 using a reduced gravity model
initialized by assimilating the TOPEX/POSEIDON wétry data, estimated the
predictability limit which falls within the rangexeending from 30 to 90 days and they
further pointed out that the estimate of this kiwduld heavily depend on the model
dynamics employed. Kamachi et al. (2004) condudietticast experiments of the

Kuroshio path during from 1993 to 1999 using anyegermitting (1/4 grid) OGCM
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with assimilated the TOPEX/POSEIDON data. The ptadiility limit of their forecast
system is reported to be about 80 days. They sugjfugisthe eddy-Kuroshio interaction is
an important potential mediator causing the trasifrom the nearshore to offshore
non-large-meander. However, they have not discuisedyeneration mechanism of the
large-meander.

In addition to a single trajectory forecast expenmt) Kamachi et al. (2004) performed
an ensemble forecast with five ensemble memberengeanying the transition from
nearshore to offshore non-large-meander. Theirmreblgemean forecast yielded slightly
better forecasting skill than the unperturbed fastcHowever, since their experiment was
very preliminary, neither detailed features of #peead in their ensemble experiment nor
sensitivity of the prediction on the imposed irfiearors was discussed in their study.

No conventional method on ensemble generation hesn bestablished yet for
multimodal dynamical systems such as the Kuroshith gouth of Japan. For a simple
dynamical system with multiple attractors, Millenca Ehret (2002) evaluated the
performance of ensemble runs with several differeathods of generation, however, the
performance of such a complex dynamical systenin@®he under consideration remains
to be investigated further. As the first step ta¥gasuch studies, we utilize here an iterative
ensemble generation process called “breeding métfitmth and Kalnay 1993). The
breeding method may well simulate the developmégrawing errors in the assimilation
cycle.

In this part, we discuss the event in the year 19889 an eddy-resolving OGCM with
the TOPEX/POSEIDON altimetry data assimilated ittie initial field. We conduct a
hindcast experiment of the Kuroshio path for aqueof 80 days after the last cycle of the
assimilated initialization. To the best of our kregge, the present work is the first
comprehensive attempt to investigate the predidaloif the Kuroshio meandering using

the ensemble forecast approach. Since the eddyndgmds an important factor in the
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Kuroshio path variation as discussed in Part |, phesent use of the eddy-resolving
OGCM is vital and enables us to examine meaningisk-by-case variation in the model
ensemble.

This part is organized as follows. In Section 2 2jindcast experiment of the event in
1999 as a single trajectory forecast is descril8®ttion 2.3 covers the results of the
ensemble forecast experiment, in particular, treeastteristics relating to both the skill and
spread in the ensemble run are argued. In Sectigriadking into the ensemble forecast of
80 days, we discuss the possible dynamical rolegepl by eddies in triggering the

bifurcation of the bimodal Kuroshio paths. Sectih is devoted to summary of this part.

2.2 Hindcast experiment of the Kuroshio meandering

2.2.1 Ocean model

The present ocean model is based on Princeton vedal (POM) (Mellor 1998), one
of the most popular community models in the woldhigh-resolution regional model with
spatial grid of 1/12 degree and 35 sigma levetsnedded in a low-resolution basin-wide
model with a spatial grid of about 1/4 degree ahdigma levels. The inner model domain
covers the northwest Pacific (1:56° N, 117 -180° E) and its lateral boundary conditions
are determined from the basin-wide model usingoie-way nesting method (Guo et al.
2003). Details of the model configuration are diésat in Part I.

The model is driven by wind stresses, and heasatidluxes. Both wind stress and heat
flux fields are calculated from the 6-hourly NCERJAR reanalysis data (Kalnhay et al.
1996) using the bulk formula (Rosati and Miyako@89). Salinity at the ocean surface is
restored to monthly mean climatology data (Levitisal. 1994) with a time scale of 30
days. Simulation of the low-resolution model isrtgd from a state of rest with the

annual-mean temperature and salinity fields creft@u a 1/4 degree climatology data
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(Boyer and Levitus 1997). The low-resolution moéelspun up by the monthly mean
surface forcing for 10 years. Then the model ishier driven by 6-hourly surface forcing
covering from 1 of January 1991 to 0of November 1999. The high-resolution model is
also forced from a state of rest with the climagdal temperature and salinity fields but

with 6-hourly surface forcing applied fronT ®f August 1996 to 3Dof November 1999.

2.2.2 Hindcast of the Kuroshio meandering in 1999

According to Quick Bulletin of Ocean Conditions fisbed by the Japan Coast Guard
(left panels of Fig.2.1), the real Kuroshio took @ffshore non-large-meander path from
November 1999 to June 2001. A hindcast experimeittiowt initialization failed to
reproduce this offshore non-large-meander episdtierefore, TOPEX/POSEIDON sea
surface height anomaly (SSHA) data in the periadtisg from 268' of July to 7" of
September 1999 have been successively assimilatethet simulated fields in the
high-resolution model with the time interval of days.

For the indirect estimation of temperature antiisa fields, we adopt a practical
approach similar to the optimal analysis equatimppsed by Mellor and Ezer (1991). The
analyzed estimate of the forecast variaBlé at depths from 50m to 2000m is calculated
as follows:

T2 =T +R, Fp(an° -an"), (2.1)
where T* and T' are analyzed and forecast quantitiéy, is a weight of correction
and F, is a regression coefficient calculated statisticabm the model results without
assimilation; Az°and An" denote the observed and the simulated SSHA, rigglgc
An' in (2.1) is calculated by subtracting the temparsan from the SSH obtained
through the one year model simulation in 1998. Tdleserved along-track SSHA
referencing to the Ohio University Mean Sea Surfacevided by the Colorado Center for

Astrodynamics Research Real-Time Altimeter Datau@rdLillibridge et al. 1997),s
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interpolated to the model grid with an intervalléf-days using an optimum interpolation
method (Kuragano and Kamachi 1999). The latitudingan value of the SSHA
corresponding to the large-scale, seasonal vamiaosubtracted from the SSHA to

assimilate only meso-scale variation (Wakata, pegscommunication). The weight of

correction P, in (2.1) is calculated so that it minimizes thelgmed erro((Ta —T‘)2>,

where ([ﬂ denotes an expected valemd T' represents a true staté, has the
following form:

E
p = s , (2.2)
VE, +E +1C,, -1

where ES:<(A/7f—A/7t)2>/<A/7‘2> and EO:<(A/7°—A/7t)2>/<A/7t2> are the

normalized simulation and observation error var@naf SSHA, respectively. The quantity

C,, is the correlation coefficient between the SSHAd ahe temperature/salinity.

7
Derivation of equation (2.2) is described in Apper2l The normalized simulation error
variance E, is empirically determined to be 2.8 in the regsauth of Japan (2738° N,

130°-145°E) and 1.5 in the other. We conduct ensemble fstecto reduce this

uncertainty of error estimate. Interpolation erk@riance obtained from the optimum

interpolation of along-track SSHA is specifiedEgsThe normalizing fact rAnt2> as the

variance of true SSHA is to be substituted by theance of observed SSHA, since there
is no other way to give an approximate estimathisfquantity.

In order to achieve smooth assimilation, both terajpee and salinity fields are nudged
to the analyzed variables in (2.1) with a restotintge scale of 0.3 days during a tentatively
set time span of 6 days in the middle of which okegonal data are provided and the

analysis (2.1) is calculated using the temperataleity and SSHA fields forecastet 3
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days before the observation time. The grid dataSiflA created from 26of July 1999 to
7" of September 1999 were assimilated into the caigsimulation. Then the time
integration proceeded with constant surface forcamgl lateral boundary condition
evaluated at the last initialization time.

Right panels of Fig. 2.1 show evolution of theieslated sea surface height after the
last initialization. The anticyclonic eddy staysudteast of the Kyushu Island in the initial
state. Then it propagates eastward toward the éfiiriBula in October 1999 and generates
the meander in November 1999 as observed (leftlpdri€g.2.1). Thus, we see that the
initialization with the aforementioned data assatidn processes leads to a successful
prediction of the meander of the Kuroshio, thouu predicted field on 26of November
1999 underestimates the meander amplitude withosstion shifted to the east compared

with the observation.

To measure the forecasting skill quantitatively, wge both RMS error, = V(/]f -n' )2

1/2
for a

f r
and anomaly correlation of sea surface heigi;n:A” An —
(o070

reference sea surface height, where A= %,Zh—l;‘ A, (N denotes number of grid points in
the Kuroshio region, 2835° N, 130 -140° E); the RMS error is normalized by the value
0.19m which is the RMS variation in the Kuroshigiom calculated from the one year
model simulation in 1998. In the reference asstmoitarun, we utilize not only the
TOPEX/POSEIDON but also the ERS-2 data to effettia@proximate a true state. We
call this additional assimilation run simply as tieéerence runkigure 2.2a exhibits that a
skill of the forecast (thick line with closed ciesl) is superior to those of non-assimilated
simulation (long dashed line with crosses) andigtnrsce (short dashed line with squares)

during the meander period from ®of October to 28 of November. The persistence
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means the skill of the initial state for the whd@ecast period. The forecasting skill
exceeds the level of the modeled climatic variattoore than 70 days after the last
initialization. Another measure of skill, anomalgrielation, also shows the same feature

as the RMS error (Fig. 2.2b).

2.3 Ensembleforecasts

Ensemble forecasts were conducted using 10 pedurtigal states generated by the
breeding method (Toth and Kalnay 1993). First, 6ff &f July 1999, two dimensional
random perturbatiomAs,,, with a horizontal correlation scale of 0.7 deg(éwensen
1994) is added to the analyzed vallié. of the assimilation run described in Section 2.2,
in the region (27-38°N, 130 -145 E) with upper 1000m depth ,

T =T% +F AR, (2.3)
where Arn,, is assumed to have zero mean and RMS magnitude0&m. At every
assimilation time during the period fron{" ®f August to ¥ of September 1999, the
difference of sea surface height anomaly (SSHANben the perturbed rudAsn " and the
assimilation runAz, is added to the adjusted value of the assimilationas follows:

T =T% +F,;Copenldn’ -01,) (2.4)
where C,is a coefficient to make RMS value dIO.OSm(Anf —A/]C) equal to 0.05m.
To simplify the rescaling of model states, we atqdy SSHA.

The theory of the ensemble forecast is baseti®@fotlowing important assumptions: 1)
the model is perfect and forecast error growthaissed only by initial state error through
internal dynamics of the model, 2) each individumégration in an ensemble is equally
likely to represent the true state evolution, 3)ir@hal ensemble represents true analysis
error distribution within sampling limits (Murphy988). The ensemble mean forecast is
expected to have better forecasting skill staadligcthan an unperturbed forecast by

smoothing out small-scale features, which are saamtly influenced by the uncertainty of
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the initial state. Theoretical estimate of RMS erod ensemble mean forecast for M
ensemble members i&, ) =/(M +1)/2M (g) where e, and e are RMS errors of an

ensemble mean forecast and a single forecast,atesgg, < > denotes an expected value
(Murphy 1988). An additional assumption that vaoias in anomaly intensity are small

yields an estimate of anomaly correlation of thanfo

1/2
<CM>:{1+(+—1)<01>} (c,) where c, andc, are anomaly correlations of an

ensemble mean forecast and a single forecast, atesgdg (Murphy 1988). These two
theoretical relations indicate that ensemble meaeachst is better than in the skill than a
single forecast on average. In the present studyinwestigate the skill measured by both
the RMS error and anomaly correlation averaged tiverKuroshio region (2835° N,
130" -140°E) in an ensemble forecast experiment, where therétical relations are not
necessarily satisfied.

Figure 2.3a compares forecasting skills in ensemi#an measured by both the RMS
error (solid line with closed circles) and anomatyrelation (dashed line with closed
circles) with those of the unperturbed forecaste RMS error of the ensemble mean
forecast is comparable with that of the unperturfmedcast during the early period from
September to October. During the late one fromehé of October to a month ahead,
however, the skill of the ensemble mean forecasvstsome improvement; the RMS error
almost agrees with a theoretical estimate (thindsthe). Anomaly correlation also
indicates the improvement of the skill in the enslenmean forecast during the late period,
though the improvement is not so evident as thathef RMS error. The skill of the
ensemble mean forecast does not agree well withthtberetical estimate because the
model is not perfect; other error sources besideititial state error would affect the
forecasting skill. In addition, the initial states the ensemble may be not well sampled

over true analysis error distribution, which canbetknown easily
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To demonstrate potential impact of the ensemblectst, we perform ‘perfect’ model
experiments in which one ensemble member is assuoed a ‘true’ state and the other
members (M=9) are regarded as perturbed membarsifr;n our ensemble forecast. In
this experiment, any run can be considered aseadtate so that there are 10 ensemble
runs in total. Difference between ‘true’ state amd ensemble forecast members is only
initial state in the perfect model experiment. Tigal ensemble, moreover, is assumed to
represent true analysis error distribution with@mgling limit. As shown in Fig.2.3b, the
improvement of the averaged skill of our ensemb&amforecasts in the perfect model
experiment is consistent with the theoretical eaten In particular, anomaly correlation
almost completely coincides with the theoreticaineste.

The spread of the ensemble provides useful infoomatbout predictability; the growth
of spread indicates loss of forecasting skill. Heve adopt the RMS difference of
individual ensemble members from the ensemble nasama measure of the ensemble
spread. Figure 2.4 indicates that the spread glgdinmreases with reduction of the
forecast skill shown in Fig.2.3. Theoretical redatibetween the spread and the RMS error

of a single forecast is given bys,)=4/(M -1)/2M(e) under the theoretical
assumptions. Since the relation of RMS error iegiby(e, ) =+/(M +1)/2M(e), we

. JM +1 .
have the relatlon:<SM> =1 (e.qg., Takano 2002). Figure 2.5 compares
<eM >m (e.g ). Fig p

the time sequences ot v M+1 calculated from RMS errors and difference
e,vM -1

respectively given in Figs. 2.3 and 2.4 for twoesasvhere the RMS errors measured by
comparing the unperturbed forecast with the refsxerun and those evaluated in the
perfect model experiment. The perfect model expemninfsolid curve with closed circles)

exhibits that the size of the ensemble spreadnsistent with the theoretical estimate. The

performance of the ensemble forecast, of cours@erdts on the validity of the
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assumptions. The real experiment (dashed curve elitbed squares), however, clearly
shows temporal variations; the value less thaniortbe early period becomes larger in
October and exceeds one early in November. Thieasing tendency is related to the
bifurcation of the Kuroshio path, as is discussethe next paragraph.

Fig.2.6 shows that the predicted Kuroshio meandéned as the ensemble mean of the
80-day forecast (thick curve) has larger amplitud¢he region west of 14 than the
unperturbed forecast (dashed curve), which mightdresistent with both Quick Bulletin
of Ocean Conditions (lowest left panel of Fig. 2ah)d the reference run (Dot-dashed
curve). However, since the Kuroshio path variatsmuth of Japan has the multi-modal
structure (e.g., Kawabe 1995), we must be carefuinterpreting the ensemble mean
forecast. Figure 2.6 indicates that the 80-dayclast ensemble members (thin curves) of
the Kuroshio path south of Japan are classified ithtee patterns: weak meander (two
members), weak meander east of the Izu Islandse(thtembers), and strong meander
(five members). The ensemble mean forecast of theept case seems to be a mixture of
the multi-modal states. Exact skill evaluation bk tensemble mean forecast of the
Kuroshio path variation needs more experimentsrfore various situations. In the present
study, attention is focused on the variation of Klueoshio path generated by the ensemble
forecast.

The resulting Kuroshio paths shown in Fig.2.6 ahlaracterized using an index
calculated from sea surface variables at 38,5138 E. Figure 2.7a shows the time
evolution of such an index in the ensemble. Thexndxhibits clear difference in the
Kuroshio meander amplitude; low (high) level indiceorrespond to strong (weak)
meander. The unperturbed forecast reproduces a meakder east of the Izu Islands. The
bifurcation of the Kuroshio path contributes toidamcrease of the ensemble spread in
November as shown in Fig. 2.4.

It is well known that the change of the Kuroshiahp#& associated with sea level
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changes along the southern coast of Japan (Kaw@®®).1According to the tide gauge
data, the deviation from long-time mean of the lev&| difference between Kushimoto
and Uragami (see Fig.2.6 for locations) during ldrge-meander state is negative (about
-10 mm) and less susceptible to change. As showkigr2.7b, although all ensemble
members predict reduction of the sea level diffeeebetween Kushimoto and Uragami,
three members corresponding to the weak meandeoftr Izu Islands show some rise
in the sea level difference in November. The se&llat Hachijojima (see Fig.2.6 for
location) is used as another path index of the &him axis which characterizes two
non-large-meander states: the offshore non-largeader (low level) and the nearshore
non-large-meander (high level). The typical largeamder state is also characterized by
high sea level at Hachijojima. The sea levels athijajima in the ensemble members
bifurcate into low and high states in November 198§.2.7c); the low sea level appears
in the three members corresponding to the weak deagast of the Izu Islands. In short,
the Kuroshio path indices obtained from the memlwdérthe strong meander found in
Fig.2.7a have more similar features to the largesder than those obtained from the
members of weak meander, which correspond to tharshere or offshore
non-large-meander.

In the next section, we will discuss the predidigbof the Kuroshio meandering south
of Japan from the viewpoint of eddy dynamics triggg and leading to the remarkable

difference found in the 80 days ensemble forecast.

2.4 Predictability of the Kuroshio meandering

We plot the relation between the intensity of théial trigger eddy and resulting
meander amplitude of the ensemble forecasts inZ=8y. Although the 50 days ensemble
forecasts do not bifurcate into two branches yeag.PRBa), striking path bimodality

manifests itself in the 80 days ensemble forecdstsrefore, the path state within the 50
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days is more predictable. Figure 2.8b indicateg #teong anticyclonic eddies may
basically induce the large-meander. We note that member stays at a weak meander
state. In the latter case, the initial anticyclasealistorted and eventually splits into two
weak anticyclones in September 1999. Then the wadicyclone causes the weak
meandering in November 1999. Note that the bifivoabf the meander types has no
dependence on the upstream volume transport okimds: the Kuroshio main stream in
the East China Sea and the Ryukyu current easheofNiansei Islands. For ensemble
members, the volume transport of the Kuroshio nsaieam measured across the PN-line
in the East China Sea ranges from 29 to 33Sv.

The previous studies (Hurlburt et al. 1996; Endaoid &libiya 2001; Part 1) have
suggested that baroclinic energy conversion idaelto the deep anticyclonic circulation
associated with the Kuroshio meander. Figure 2@wvshtime evolution of the kinetic
energy at the depth of 4000m averaged in the &@r&4°0-33° N, 135 -138 °E. The
large kinetic energy associated with the deep wltiaic circulation is certainly found in
ensemble members producing the large-meander (swis) in the 80-day forecast on"26
of November 1999. However, the deep anticyclomcutation is not yet excited in the 50-
day forecasts on #7of October 1999. This difference is consistenhviite characteristics
of the meander growth shown in Fig. 2.8. We no# tio difference is found in the kinetic
energy of initial ensemble members.

Figure 2.10 compares evolution of the anticycloaddy activities depicted at sea
surface height (upper 0.9m) and deep flow fieldhree different paths: the nearshore
non-large-meander (nNLM), offshore non-large-mean@®NLM), and large-meander
(LM). We can recognize clear intensity differendetloe anticyclonic eddy southeast of
Kyushu in the initial states. As the Kuroshio meamgrows in November, both the upper
and lower layer anticyclones in the LM case araifigantly intensified compared with the

NLM cases. As shown in Fig.2.11, time evolutiorttzé kinetic energy of the anticyclonic
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eddy at both 200m and 4000m depths demonstrateighinctive concurrent evolution of

the upper and lower layer circulations in the eridemmembers corresponding to the
large-meander. Figure 2.11 also exhibits that sitgnof the initial anticyclonic eddy

basically determines that of subsequent evolutfdheveddy.

To specify a time scale of the trigger eddy, wroduce three non-dimensional
parameters governing the geostrophic dynamics dreta plane: the beta parameter
(B=pL/t), stratification parameters= (R, /L)*), and Rossby numbeg € §(AH, /H,))
(Pedlosky 1987). The notations employed here afellasvs: f is the Coriolis parameter
(73x10°1/s), B the meridional gradient off (20x10™1/sm), L the horizontal
length scale (120km)R, the internal deformation radius (40km at’8Daccording to
Emery et al. (1984))H, depth of the thermocline (550m), akH, is variation of the
thermocline (50m to 80m for depth of 26.5 sigmaF)r the anticyclonic eddies in the
ensemble initial states, we hat@e: 0. 038= 011, and £=0.010-0.016. This suggests
that they fall into the subset of the planetarysgephic regime (PG2) in Williams and
Yamagata (1984) or the frontal geostrophic regimeCushman-Roisin (1986)). If we
introduce a two-layer model, the inverse time soékhe frontal geostrophic eddy is given
by «=(H,/H)é=(P,/R)é (Cushman-Roisin et al. 1992), whek¢ is the total depth of
4000m; P,,P, are pressure scales of the upper and lower layespectively. For the
eddies in the ensemble experiments, this time saalges from 72 days to 115 days. It is
determined by the slow lower-layer velocity fielelated to pressuf® there. The time
scale might be consistent with the limit of thedaceability in the present study, i.e., 50-80
days. The OGCM simulation suggests that the tina¢esaf the trigger eddy is longer than
time scale due to advection by the Kuroshio maieash, i.e., 10 days. The time scale of
the predictability is related to behavior of thadgdtself rather than the simple advection

of the eddy by the Kuroshio.
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25 Summary

We have demonstrated that our forecast with a-sfatlee-art OGCM initialized on "7
of September 1999 by assimilating sea surface hedgta successfully predicts the
meandering of the Kuroshio south of Japan as obdeim November 1999. The
experiment yields a forecasting skill for 70 dagsthe sense that the RMS error of sea
surface height anomaly does not exceed the magndtithe model climatic variation and
those obtained from the non-assimilated simulaéind persistence. The time scale agrees
with that evaluated by the previous studies (Konetral. 2003; Kamachi et al. 2004).
While we obtained the hopeful results from the ertde forecast experiment, further
extensive studies of this kind are needed to agkessffects of the ensemble forecast on
the forecast skill. In the present study, we foduser attention on the transitions from the
nearshore non-large-meander to the large or oféshon-large-meander.

The meanders occurred in the ensemble memberbddG-day forecast are classified
into two categories: the large-meander and thela@e-meander. The bifurcation occurs
more than 50 days after the initialization. In iresent case, the ensemble mean of the 80-
day forecast seems to be a mixture of the multiahastates, which is similar to
climatological mean state of the Kuroshio path.lISkiprovement using the ensemble
mean forecast would be validated by conducting nfangcast experiments for various
situations of the Kuroshio path transition.

A novel feature we found in our experiments presgiiitere is a fact that the intensity of
an initial anticyclonic eddy plays a key role fdret subsequent development of the
Kuroshio meander classified into two categqries., a strong anticyclone induces the
large-meander. Figure 2.8b suggests that a crlggal of the intensity exists. 0.05m of the
analysis error of sea surface height anomaly, witiciresponds to 50m of the depth
variation of 26.5 Sigma-t, averaged in the upstremgion may be enough for the

bifurcation of the Kuroshio path forecasts in thesemble. Interpolation error of sea
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surface height anomaly used in the present studgpstlalways exceeds 0.05m over the
whole Kuroshio region. Thus we can not ignore theentainty in forecast of the Kuroshio
meandering associated with the multi-modality, titouanalysis error might be
theoretically expected to become smaller thanritexpolation error.

The present study suggests the importance of tted éxldy dynamics in the Kuroshio
recirculation region to the bifurcation of the Kahio path. However, detailed mechanism
is still unclear. Further intensive studies aredeekeon interactions between the Kuroshio
and meso-scale eddies.

The ensemble forecast is a promising way to sprddictability of the Kuroshio path.
Further development of the ensemble forecast mefkagl, Yamane and Yoden 2001)

would lead us to deeper understanding of the Kuogsth variation.
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Appendix.2: Weight of correction for the analysis equation
Following Mellor and Ezer(1991), we derive the equation (2.2). The errorshef
observed and forecast sea surface height anomalyApare defined according to
An°-Ant=dan°, An'-Ant=dn". (2.A.1)
On the other hand, the errors arising from oumaitstion adjustment (analysis) described
in EQ. (2.1) are defined according to
T2-T =0T +P, (F, [an° -an")+or¢), (2.A.2)
where JT¢ is an error associated with the incomplete coticelabetween SSH and

temperature/salinity, andT " =T -T". Using Egs. (2.A.1) and (2.A.2), the assimilation

adjustment error variancé(Ta —Tt)2> is expressed as follows,

T F)=lor o (o () ) o o) 20, o).

(2.A.3)
In the derivation of Eg. (2.A.3), the forecast, @tstion and correlation errors are

assumed to be uncorrelated.

To determine the weigR%, , we minimize the adjustment error given in EqA(2) by

a<(Ta —T‘)2>
looking into the condition: =0, which leads to

n

f f
P, = FT’7<5'7 ox > _ (2.A.4)
Fo((0"%)+ (7)) + o)
Using further assumption of the form
(an'or')= FT,7<5/7f2> (2.A.5)

and the derivation of the correlation error (Mebord Ezer 1991)
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<a‘rcz>= FT,72<A/7t2>( /J/CT”2 —1], (2.A.6)

we can write,

P = <5’7f2> (2.A.7)

Tn —

where <A/7‘2>is variance of true SSHA. Normalization of the ervariances in equation

(2.A.7) gives equation (2.2).
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Figure 2.1 Left panels: bi-weakly mean observed Kuroshio path during the period from September
1999 to November 1999, reported in the Quick Bulletin Ocean Conditions provided by Hydrographic
and Oceanographic Department, Japan Coast Guard. The grey path corresponds to the last and the
white path to the current path. Right panels: the model sea surface height in 5-day mean of the
unperturbed forecast. Contour interval of sea surface height is 0.1m.
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Figure 2.2 (a) Evolution of RMS errors of sea surface height anomaly for the reference run over the
Kuroshio region, 28°-35°N, 130°-140°E. The RMS error is normalized by RMS variability of the
simulation in the same region (0.19 m). Thick line with closed circles corresponds to the unperturbed
forecast. Long dashed line with crosses corresponds to the non-assimilated simulation run. Short
dashed line with squares corresponds to the persistence of an initial state. (b) As in Fig.2.2a except for
anomaly correlation.
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Figure 2.3 (a) Evolution of RMS errors of sea surface height anomaly normalized by RMS variability
of the simulation (0.19 m) for the reference run over the Kuroshio region, 28°-35°N, 130°-140°E (solid
lines with closed circles) and anomaly correlations (dashed lines with closed circles). Thick lines with
closed circles denote the ensemble mean and thin lines with closed circles denote the unperturbed
forecast. Thin solid and dashed lines denote theoretical skill, and, respectively (M=10). (b) As in
Fig.2.3a except for a perfect model experiment. Thick lines denote averaged ensemble mean and thin
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lines denote averaged skill of individual forecast. Theoretical curve for the anomaly correlation (dashed
line) coincides with the curve of the ensemble mean (thick line with closed circles).
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Figure 2.4 Evolution of ensemble spread, S,, measured by RMS difference normalized by RMS
variability of the simulation (0.19 m) for the reference run over the Kuroshio region, 28°-35°N,
130°-140°E.
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Figure 2.6 ’Spaghetti’ diagram of the Kuroshio path on 26 November 1999. The Kuroshio path is
defined as a curve on which the value of sea surface height equals 0.4m. Thick curve denotes ensemble
mean. Thin curves correspond to individual ensemble members. Dashed curve denotes the unperturbed
forecast. Dot dashed line denotes the reference run. The numbers denote the tide stations; 1:
Kushimoto, 2: Uragami, 3: Hachijojima.
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Figure 2.7 (a) Evolution of sea level at 32.5°N, 138°E. Thick and thin short dashed lines correspond
to ensemble members of strong and weak meander, respectively. Thick line with crosses denote
ensemble mean. Long dashed line with crosses denotes the unperturbed forecast. Dot dashed line with
crosses denotes the reference run. (b) As in Fig.2.7a except for sea level difference between Kushimoto
and Uragami. (c) As in Fig2.7a except for sea level of Hachijojima.
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Figure 2.10 Snapshots of sea surface height upper 0.9m (contour interval is 0.1m) and horizontal
velocity at 4000m depth. Left panels: an ensemble member corresponding to the nearshore
non-large-meander. Middle panels: the unperturbed forecast, which realizes the offshore
non-large-meander. Right panels: an ensemble member corresponding to the large-meander.
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Figure 2.11 (a) As in Fig.2.9 except for kinetic energy (in m?/s?) of the trigger anticyclonic eddies (a
region in which sea surface height exceeds 0.9m, averaged over 28°-32°N, 130°-136°E in September
1999 and over 29°-32.5°N, 133°-140°E in October and November 1999) at the depth of 200m. (b) As in
Fig.2.12a except for the depth of 4000m.
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In this thesis, using the basin-scale eddy-resghacean general circulation model
(OGCM), we investigated the Kuroshio path variasi@outh of Japan due to meso-scale
eddies and their predictability.

To simulate the Kuroshio path variations and mesdeseddy activity as realistically as
possible, we have developed a nested high-resolutested grid model for the North
Pacific. The horizontal grid spacing of the modell2°, is much smaller than the first
baroclinic Rossby radius in the Northwest Pacific.

In part I, we investigated possible connectionsveen the Kuroshio path variations and
meso-scale eddy activity using the OGCM. The madéh atmospheric forcing from
1992-1998 well simulated meso-scale activity soothJapan. In addition, the model
reproduced the offshore non-large-meander pathnésshore non-large-meander path
and the large-meander like path. We showed thaatitieyclonic vorticity supply through
intrusion of eddies destabilizes the Kuroshio, thaserating the large-meander like path.
The present model simulates the eddy-Kuroshio astean in a more realistic way than
previous studies. However, its ability to reproduttee large-meander state needs
improvement because the duration is too short coatpto observations. Thus we must
distinguish the simulated large meander like patbmf the real large-meander.
Nevertheless, the existence of the brief large-meatike path states in the model may
suggest a working hypothesis for the real largerrden formation because the present
model appears to capture almost all key elemerttseiftarge-meander formation.

A synthesis of these results leads to the followsegnario for the formation of the
Kuroshio large-meander. At the beginning, anticgaleeddies are activated near Taiwan or
the Philippine coast and advected by the Kuroshio the Shikoku Basin. The transport
across the PN line increases by the successiwabafi those anticyclonic eddies and the
anticyclonic Kuroshio recirculation south of Shikols intensified by the merger of those

eddies. Then, the Kuroshio large-meander is gegebrby baroclinic instability that is
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triggered by the interaction with the anticyclonialonic eddies. During the meandering
period, the meandering cyclonic jet matures by disg a cyclonic ring propagating from
the Kuroshio Extension and eventually sheds théooyc ring. Thus, the large-meander
state ends. The above scenario suggests the impertd eddy activities to the Kuroshio
meandering and provides a key to predict the ewetenious phenomenon of the
Kuroshio meander; the eddy activities introducea@ofable condition for the Kuroshio
large-meander formation through intensificationthed® Kuroshio recirculation.

However, since the simulated large-meander likén patunstable, the above scenario
provides no favorable conditions for the long-livestander. Those conditions might be
related to basin scale climate variations. Obs&mal evidence suggests bi-decadal
frequency variation of the large-meander occurrefiavabe 2001). The period of the
present OGCM simulation from 1992 to 1998 corresisao the non-large-meander period.
Further observational and modeling studies are etket clarify the maintenance
mechanism of the large-meander.

In part Il, we discussed the event in 1999 usirgg@GCM initialized by assimilating
the TOPEX/POSEIDON altimetry data. The results aft®P suggested that the Kuroshio
path variations are strongly affected by the eddyeihio interactions. Therefore, data
assimilation is necessary to simulate the Kuroghithh variations in a right place at a right
time. We conducted a hindcast experiment of theokhio path from September 1999 to
November 1999. It was found that the model hasclstng skill within 80 days after last
initialization.

In order to systematically evaluate the impact iffecence of initial state, we adopted
ensemble forecasts in the hindcast experiment. gdwisis a first comprehensive study of
the Kuroshio meandering using the ensemble fore@ast ensemble forecast experiment
exhibited interesting case-by-case variation inghgemble. The meanders appeared in the

ensemble members for the 80 days forecast areifiddssnto two categories: the
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large-meander and the non-large-meander. The hiforcoccurs more than 50 days after
the initialization. The ensemble forecast experitrfen the 1999 event suggests that the
real Kuroshio state falls in the multiple equililom state in 1999.

The intensity of an initial anticyclonic eddy plagkey role in subsequent development
into the two categories; a strong anticyclone irduthe large-meander. The strong
anticyclonic eddy triggers the distinctive jointodwtion of the upper and lower layer
circulations associated with the growth of the dangeander. The detected process
supports a part of the scenario for the formatibthe large-meander suggested in Part |.
The time scale of the anticyclonic eddy is deteediby the slow lower-layer velocity
field rather than direct advection by the KurosHiois consistent with the limit of the
predictability in the present study, i.e., 50-8@sla

Despite the ability to simulate some aspect oftbeoshio path variation, the model has
biases. The simulated eddy activity from the sybta front east of the Nansei Islands is
weaker than in the observations (Fig.1.5). Sincesayseale eddies in this region are
important to generate the variation of the Kurosthidume transport (Ichikawa 2001),
improvement of the model performance in this regray lead to more realistic simulation
of the Kuroshio path variation.

The model climatology indicates a strong troughthaf Kuroshio Extension at 14E
(Fig.1.3). This feature, which is inconsistent witie observation (Mizuno and White
1983), may affect the model Kuroshio path variasonth of Japan (Fig.1.13d, Fig.1.14a).
Also, the overestimation of the transport of therd&hio recirculation (Section 1.3.1) has
to be improved for better modeling of the Kurospath variation.

The present study suggests the importance of tliy egnamics in the Kuroshio
recirculation region to the Kuroshio path variatisauth of Japan. However, detailed
mechanism is still unclear. Further intensive stadnay be needed on interactions with the

Kuroshio and both the local topography and mesteseddy. To clarify connections

92



between the Kuroshio path variations and the bagie- climate change, it is also

necessary to investigate mechanism of the Kurogbliome transport variations in detail.

In the present OGCM simulation, the meso-scale ealclyities near Taiwan or the

Philippine coast affect the Kuroshio volume tramspo the East China Sea. Questions
how the basin-scale wind variation is related te theso-scale eddy activities in the
subtropical front region or the upstream Kuroshauwme transport still remain to be

understood.

This study suggests necessary conditions for magl@nd forecasting of the Kuroshio
path variation south of Japan. First, the wholetrsyiical gyre system over the North
Pacific should be modeled because the Kuroshionveltransport is basically determined
by the basin-scale wind variation. Second, the rhaegquires to cover both the
Kuroshio-Kuroshio Extension and the subtropicahfreegions with horizontal resolution
of smaller than 1/10 degree. The present studyesigghat the Kuroshio path variation is
affected by the eddy activities in the above regiorhird, the modeler should carefully
treat both bottom topography and stratificatione Turoshio path is strongly controlled
by bottom slope along the south coast of JapanlZih®gasawara Ridge, moreover, plays
an important role in eastward shift of the Kurosimeander, which leads to decline of the
meander amplitude. Skill of the sigma coordinatelelds sensitive to smoothness of the
bottom topography. Stratification may be well siatadl by well-designed vertical grid of
more than 20 levels. Fourth, realistic forcingngortant. The satellite scatterometer wind
is one of suitable choices. Fifth, proper initiatibn is necessary for forecasting of the real
Kuroshio path variation. Both the intensity andmhaf the trigger eddies related with the
Kuroshio path variation significantly affects theotution of the Kuroshio path. Multi use
of satellite altimeters in data assimilation alloletter spatial resolution for capturing the
eddies.

Based on these suggestions, an operational novecastst system in the Japan coastal
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ocean has been developed (Miyazawa and Yamagat® RBliQazawa et al. 2005a). In
future studies, data products created by more advhnowcast/forecast systems will be
utilized to describe oceanic variations realisticahd investigate ocean dynamics in detail.

The present study is a first step toward this dimac
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