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Abstract. In this paper, we provide a review of recent results the contracted state. This suggests decadal variations of the
targeted at the understanding of the low-frequency variabil-KE extension, which is on a much larger time scale than that
ity of the Kuroshio Extension. We provide the background of mesoscale eddy variability (months).

and main arguments of two views which have recently been This low-frequency variability of the KE has also been
proposed to explain this variability. In the first view, wind- found in eddy-resolving general circulation models (ER-
induced Rossby waves and the effects of mesocale eddieSCMs). InTaguchi et al(2005, the response of the KE to
are crucial. The second view is based on low-dimensionakthanges in remote wind stress is studied in a high-resolution
equivalent-barotropic large-scale nonlinear dynamics, with(1/12 horizontally) version of the POM model. A hindcast
neither Rossby wave dynamics nor baroclinic instability be-of KE variability over the period 1950-2003 with the 1710
ing important. Results from models supporting each view areglobal OFES model is analyzed Taguchi et al(2007). To
discussed and confronted with results from available obserunderstand the observations and results of ER-GCMs, in par-
vations. ticular the origin of the bimodal behavior, much effort has
been devoted to the development of conceptual models. This
has lead to two views of dominant processes controlling the
low-frequency variability of the KE.

In the first view, changes in external wind forcing are
thought to be crucial, with modifications of the Rossby
There has been.much progress over the Iagt decadg to und%éve response through mesoscale eddies. The other view
stand the peculiar behavior of the Kurqsh|o Extension (KEiS derived from studies with idealized (equivalent) barotropic
hereafter) hear the coast of Japan. Since the early 70s, {hind-driven ocean models, in particular on so-called double-
was recognized that_the KE switches b_etween twq stgtes: yre flows. Under a steady wind stress these model re-
zonally elongated, fairly stable, energetic meandering jet an ults show that internal decadal variability can appear sponta-

g mu((j:h weellker, very vfarri]?blleg?nd Ajor?VOIU;qufjet with a re'neously. This variability is caused by oscillatory instabilities
uced zonal penetratiof4ft, 9. Although different ter- of the mean flow Jiang et al.1995 Speich et a].1995 Di-

minology has been used to indicate both states, we will refeﬁkstra and Katsmarl.997) and transitions associated with a

tp them below as “elongated” and ‘contracted’ state, respect, . jinic bifurcation Keacham 2000 Nadiga and Luce
tively. _ 2001, Simonnet et a).2005).

Many more details on the current path and the (local and 5 reasonably successful data-model comparison was pre-
remote) forcing of the flow have been obtained through theganied in Pierini (2008 using an equivalent barotropic
analysis of sate_llite data_(in particular altimetry) and datagpiiow-water model under a steady wind forcing. The origin
from the Kuroshio Extension System Studyohohue eta). 4t the |ow-frequency variability was investigated Rierini
2008, see alsovww.uskess.org In Qiu and Chen(2003, ¢t 51.(2009 by studying the flow behavior from the relatively
bi-weekly paths of the Kuroshio, represented by the 170-cmjscous regime to the more inertial regime. It was shown
sea surface height (SSH) contour, were determined over thg, o the jow-frequency variability of the KE in the model was
years 1993-2004. From 1993-1995 and from 2000-2004 ,seq by homoclinic bifurcations. While the present paper
the KE was in the elongated state, and from 1995-2000 iryoyides no new resuilts, its aim is to provide a short review of

recent ideas on the processes controlling KE variability, with

Correspondence tdH. A. Dijkstra chus on explaining in more de_tail the nonlinear dyna_mics
= (dijkstra@phys.uu.nl) view. In Sect. 2, we briefly review the Rossby wave view

1 Introduction
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and its main arguments. The successive bifurcation view isiiv;
presented in Sect. 3 providing details on the occurrence of
multiple equilibria, periodic orbits, and the homoclinic tran-

sition. Finally, in Sect. 4, we critically compare the two 002-2003
views of low-frequency KE variability and suggest how they 20N 10t sse 1o S Mee  1000F 148E  150°E
possibly can be reconciled. e —
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2 The Rosshy wave view Fig. 2. Biennially averaged SSH fields with the SSH anomalies

o _ B (a) hindcast by the linear vorticity model arftd) observed by the
In this view, wind stress changes over the North Pacific aresatellite altimeters. The mean SSH field in (a) is basedeague

thought to be crucial for the transitions between the elon-et al.(1990 and thick lines denote the 170-cm contours (frQio
gated and contracted state. The wind stress over the Northnd Chen2005.

Pacific varies on a decadal time scale, for example, associ-

ated with the Pacific Decadal Oscillation (PDO) which has

its center of action around 180 (Mantua et al. 1997.  characteristics. This response was calculate®in and
When the PDO index is positive (negative), the Aleutian chen(2005 and is shown here as Figja, together with the
Low shifts southwards (northwards) and negative (positive)gpserved SSH anomaly field from altimeter data (Hio).

SSH anomalies are generated through Ekman divergencgageed, variations in the large-scale wind-stress forcing lead
Once generated, they propagate westward at the speed to Rosshy waves and large-scale SSH anomalies with sim-
of baroclinic Rossby waves which, at typical KE latitudes jjarities between model results and observations: if ¢-
(~30°N), is about 4 cm/s. diagrams. The amplitudes of the observed SSH anomalies,

The linear vorticity equation under the longwave approxi- however, are larger than those from the Rossby wave model
mation of the SSH anomaly fie'd(x,y,t) in local Cartesian (1) and show Vanab'“ty on smaller scales.

coordinategy, ) is given by When the SSH anomalies from the Rossby-wave model
an YA ¢ (0T 9Ty (1) are superimposed on the mean dynamic topography
- - =% |- 1 . . .

o R ot ( 5y ax ) (1)  (Teague et a).1990, the biennially averaged SSH fields as

in Fig. 2a are obtained. Comparison with the corresponding
whereg is the gravitational acceleratiog, the reduced grav- fields derived from altimeter data (Figb) shows that the in-

ity, po a reference densityf the Coriolis parameter and tensity of the modeled recirculation gyre south of the main
(r*, 1Y) the wind-stress field. When the wind stress is given,axis of the jet (thick black line) appears in phase with the
the SSH anomaly field can be determined along Rossby wavalternation of the elongated and contracted states of the KE.
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However, the modeled gyre is always much weaker than thehis theory is the (equivalent) barotropic vorticity equation,
observed one and, what is most striking, the jet axis and thgjiven by
nearby isolines are virtually time independent in the model

results, while they undergo substantial changes during the?ﬁ_,_J(l/,,q) :AHV41//+M (2a)
observed bimodal cycle. It is clear from these results that9? pH

additional processes are needed to explain the bimodality 2

of the KE. More recentlyQiu and Chen(2009, in press g=10— fo v+ By (2b)
showed that the mesocale eddy field may induce the large Hg'

SSH anomalies. From observations, itis found that the eddyHere is the potential vorticityg'=gAp/p is the reduced
kinetic energy is much higher in the contracted state than in 9 P yg=gan/p

the elongated state. The eddies arise through instability O]gravny_, H th_e active layer thickness and the Jacobian oper
) . . ator J is defined as/ (F,G)=F,G,—F,G, where the sub-
the jet and may induce upgradient transport of momentum__ . ° = . . - ) .
. : scripts indicate differentiation. The quantityy represents
giving large SSH anomalies.

the turbulent lateral friction coefficient. A linear damp-

To summarize this view, Rossby waves generated by timeTng term, representing interfacial friction in this equivalent-

varying winds produce a spatially broad variability in the KE barotropic model, is neglected

region which is in synchrony with the much stronger, spa- |, the so-called double-gyre case, flows are considered in

tially sharper blmoda! vana@hty observ_ed in aIumetgr data. a rectangula. x B basin where the wind-stress forcing is
Apart from any consideration concerning possible interac-.,osen as

tions between the two kinds of low-frequency variability (see

Sect. 4), itis clear that wind-driven Rossby waves can by no;*(x, y) = —1 cos2r 2 1 (x,y)=0 (3)
means account for the vigorous bimodal variability so clearly B
evidenced in observations. with 7o a typical amplitude. In this case, the wind stress is

symmetric with respect to the mid-axis of the basin. No-slip
boundary conditions are usually prescribed at the east-west

3 The intrinsically generated variability view boundaries and slip conditions at the north-south boundaries,
ie.,

In this view, the KE bimodal variability is generated through 3y
dynamical mechanisms internal to the ocean system. In orde¥ =0,L : ¥ =0, PP
to unequivocally recognize the intrinsic origin of the low-

frequency variability in a particular model, a stationary wind y=0,B : ¥ =0, ¢=0 (4b)
field is used as forcing. In this case, all changes found in

the equilibrium (asymptotic) response are necessarily due to Under agiven steady wind-stress forcing, the linear steady
mechanisms internal to the model ocean. quasi-geostrophic theory (neglecting the tefity, ¢)) pre-

Starting point is the theory of the homogeneous steadyd'c'[lS aSV(f.I_rr?rul_p mte:lhor flow ant_j da f“th'.O ntal v;esternlbou?d—
wind-driven ocean circulationSyerdrup 1947 Stomme) a][ythaye:;i " i mee;rw et:r;;nprt())w n%lsf Irs r;)rmerexp ﬁna '22
1948 Munk, 1950 which is one of the cornerstones in phys- ot the existence of wesltern boundary currents, such as the

ical oceanography. One of the simplest situations within thisKuroslh'to' /Il?he noEIer:earttheoryﬁB,thova_evert,_ still I‘::r ffrlom
theory is that of an active layer of ocean water with constantCOMPEte. ougn the strong €flects ot inertia on the flows

density p located in a rectangular ocean basin. Below this Vas alree}dy shown Weff’”'s(1963’ the work to determine
layer, with equilibrium thicknes#, there is a very deep mo- syst'ematlcally the solgUon structure.db][ Versus the Iatergl
tionless layer of density-+Ap. The flows are considered on friction parameter y; did not start until the mid 1990€€ssi

a midlatitudes-plane with Coriolis parametef= fo+8y. and lerley 1995 Dijkstra and Katsmari 999,

0 (4a)

. ) ) ) 3.2 Primary bifurcations
3.1 The equivalent-barotropic quasi-geostrophic model

For large values oAy, a unique and globally stable flow
Let the flow be characterized by a horizontal length séale state for both single- and double-gyre cases is foijtgtra
and a horizontal velocity scal€. When the Rossby num- and De Ruijter1996. To investigate the solution structure of
bere=U/(foL) is small, quasi-geostrophic theory is an ad- the equations whed g is decreased, continuation methods

equate description of the large-scale fldde@llosky 1987). (Dijkstra, 2000 have been used on discretized versions of
Let vy indicate the geostrophic streamfunction in the horizon- (2a-4b).
tal plane, then the zonal velocity the meridional velocity The structure of the steady solutions is shown through

and the vorticity; are given byt =—9dy/dy,v=0y/dx and  the bifurcation diagram in Fig3, where the value of the
¢ =0v/dx —du/dy = V3, respectively. When the flow is  streamfunction at a point in the southwest part of the domain
driven by a zonal wind stress, the governing equation in  (ysw) is plotted versuRe=UL/Ag. At large values oA
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Fig. 3. Bifurcation diagram for the double-gyre barotropic quasi-
geostrophic model for a square basin witb=U L /A i as the con-
trol parameter (fronDijkstra and Katsmanl997). Drawn (dotted)
branches indicate stable (unstable) steady states, whereas the Pit
fork (Hopf) bifurcation points are indicated by squares (triangles).

Fig. 4. Schematic bifurcation diagram of the solutions of the

barotropic vorticity equation, plotted in terms of a measure of the
symmetry of the solutions versus either wind-stress intensity or the
eynolds numbeRe (from Simonnet et a).2009.

mode, presented a physical mechanism of its propagation and
showed the relation between the gyre mode and stationary
'Rossby waves (see alfoimeay 2002.

The connection between the first pitchfork bifurcatin

(smallRe), the anti-symmetric double-gyre flow (at label ain
Fig. 3) is a unique state. When lateral friction is decreased
this flow becomes unstable at the pitchfork bifurcati®n

(nearRe=30) and two branches of stable asymmetrip Statesthe gyre modes and the occurrence of homoclinic bifurca-
appear for smaller values (.B"‘H (larger Re). The sqlutpns tions was clarified irSimonnet et al(2005 and an overview
onthese branches (at locations b and d) have the jet displacg the bifurcation behavior leading to the homoclinic orbit
either southward or northward and are exactly symmetricallyiS shown in Fig4. The symmetry-breaking pitchfork bifur-

related for_the same value (ﬂ.? (streamfunction plots of cation P is responsible for the asymmetric states. The low-
these solutions can be foundDjkstra and Katsmarl997). frequency gyre modes arise at so-called merging poifits

The |mportant_po_|nt from Fig3 is that multiple stable and they obtain a positive growth factor at the Hopf bifurca-
asymme'mc e_zqumbrla (here_ steady flows) can occur _under Rions H. Subsequently, the periodic orbits arising from these
symmetric V\{md—_stress forcing. The mgghamsm of this Sym'Hopf bifurcations on both asymmetric branches connect with
me_try bfea"'“g. IS d"ue to shear instability and has been ®Xthe unstable anti-symmetric steady state at the péjrthis
plained in detail irDijkstra and Katsmag1997). gives rise to a homoclinic orbit. The type of homoclinic orbit
depends on the eigenvalues associated with the linear stabil-
ity of the symmetric state at the connection pani{Wig-

The asymmetric states which arise fratnalso become un- gins 19_9(_). In case Fhere are only real eigenvalues, there is a
stable at larger values dfe due to the occurrence of Hopf hemoclinic connection of Lorenz-type and when the second
bifurcations. The first Hopf bifurcatior®; in Fig. 3, is as- ~ and third eigenvalue form a complex-conjugate pair, there is
sociated with the destabilization due to a so-called Rossby@ homoclinic bifurcation of Shilnikov typeSimonnet et al.
basin mode. These modes can be described by a sum of frd@009 show that both types can occur and that the Shilnikov
Rossby waves where the coefficients are chosen such that ti¢P€ is more likely to occur at small 7, in accordance with
boundary conditions are satisfied. For the gravest Rossbjf€ results irMeacham2000 andNadiga and Luc€200]).
basin mode, the period is about 20 days. At a second Hopf 'N€importantpointfrom Figtis that low-frequency vari-
bifurcation, H, in Fig. 3, the asymmetric state destabilizes ability arises spontaneously due to Hopf bifurcations and ho-
to a mode which has an interannual period and the perturmOC”niC bifurcations, even under a steady wind stress and
bations strengthen and weaken the eastward jet during botiithout mesoscale eddies arising through baroclinic instabil-
phases of the oscillation. These interannual, so-called gyrdy- In the regime beyond the homoclinic transitions, vari-
modes do not have their origin in the spectrum of the linearability with a decadal time scale is found to be robust in these
operator related to free Rossby-wave propaga®imonnet ~ Models McCalpin and Haidvogell 996 Chang et al.200%,

and Dijkstra(2003 clarified the spectral origin of the gyre Nauw et al, 2004.

3.3 Subsequent transitions

Nonlin. Processes Geophys., 16, 6685 2009 www.nonlin-processes-geophys.net/16/665/2009/
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Fig. 5. (a)Bifurcation diagram for the barotropic shallow-water model on the North Pacific domain with the Ekman nicealdgr/ (ZQrg)

as control parameter. Drawn (dotted) branches indicate stable (unstable) steady states, whereas the Hopf bifurcation points are indicated b
triangles.(b) Contour plot of sea-surface height deviations for the steady state solution at location ¢ on the upper bran@t) @qajour

plot of sea-surface height deviations for the steady state solution at location d on the upper branch in (a). The contour levels are scaled with
respect to the maximum value of the field (fr&ahmeits and Dijkstr&001).

3.4 Multiple equilibria in a “realistic” furcation and clearly provides evidence that multiple equi-
shallow-water model libria exist when the lateral friction is small enough. The
perturbed pitchfork arises because the mid-basin symmetry
The results in the previous section were for quasi-geostrophiés obviously broken by the geometry and the wind forcing.
models in rectangular basins and one might wonder whafNote that there is quite a range of Ekman numbers where
happens in reduced-gravity shallow-water model using aWwo equilibria are (barotropically) stable.
more realistic basin geometry and annual-mean observed The stationary solution at location b (not shown) in F5g.
winds. This issue was investigated 8thmeits and Di- displays a Kuroshio path south of Japan with two recir-
jkstra (2001) who performed numerical bifurcation studies culation gyres, and an extended jet near Japan similar to
for a part of the North Pacific basin [128, 150 W] x the elongated Kuroshio flow. A stable stationary solution
[10° N, 55° N] using a horizontal resolution of about $/& ~ on the upper branch (location c) is shown in Figp for
a barotropic shallow-water model. (E=15x10""), which is in the multiple equilibria regime.

As control parameter, the Ekman numb}ktAH/(ZQrg) It displ_ays a Kuroshio path south of Japan which is different
is used wherer is the radius of the earth ard its an- from either the elongated or contracted states. Compared to

gular velocity (for model equations and parameter values,the solution at location b, to which it is continuously con-

seeSchmeits and Dijkstra2003). The bifurcation diagram nected, the anti-cyclonic recirculation gyre to the south of
(Fig. 5a), where the maximum northward volume transport‘]apan has intensified and has caused the Kuroshio to deviate

(in Sv) is plotted versug, shows a perturbed pitchfork bi- rom the coast.

www.nonlin-processes-geophys.net/16/665/2009/ Nonlin. Processes Geophys., 86558609
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Fig. 6. Domain of integration and contour map of the curl of the wind stress (unitsf Men—3) used to force the model
(from Pierini, 2006.

The second branch of solutions exists only for reduced-gravity approximation is very appropriate, see the
E<1.8x10~7, which is the position of the saddle-node Figs. 4-5 inQiu et al.(2006), and the value of'=gAp/p
bifurcation on this branch. The solution &=15x10"" fits well with their observations. Moreover=5x10"4m~1
(Fig. 5¢) displays a Kuroshio path south of Japan, with parameterizes the interfacial friction. Finally, the spatial res-
three recirculation gyres, and a large meander near Japawlution and time step arax=Ay=20km andAr=20 min,
similar to the contracted state. The third steady state atespectively. The domain of integration is shown in F8g.
E=1.5x10"" (location e) is unstable and the Kuroshio has which also contains a plot of the wind-stress curl. The fun-
different separation behavior than for the other states. damental importance of the schematic coastline introduced

The important point from Fig5 is that multiple equilib- in the western part of the ocean basin and the large zonal
ria are still present in the more realistic case and that thewidth of the latter is discussed IBierini (2008.
flow patterns differ in the separation and meandering behav- In Pierini et al. (2009, model results for a value of
ior of the Kuroshio, in particular in the number of recircula- A ;=220 ms1 are compared to observations (see that ar-
tion gyres. The circulation patterns outside the region of theticle for a full account of this comparison). In Fig, the
western boundary current are very similar for each solution. annual-averaged SSH fields @iu and Chen(2005 (color

images) are compared with the SSH fields obtained from
3.5 Transient behavior in a “realistic” double-gyre model results (grayscale images) according to a synchro-
shallow water model nization of model/observations where year 1993 is identified
with model year 157. In 1993 the KE is in the elongated
In Pierini (2006, the reduced-gravity shallow water equa- state and corresponding model solutiar1(57 yr) agrees
tions forced by a steady wind forcing derived from climato- well for the first large anticyclonic meander in position,
logical winds are used to study low-frequency KE variability. shape and strength. After 11years a similar situation is
The governing equations of the model are: reached (year 2004=168yr), and the agreement is now
even better for the first and second anticyclonic meanders
+@-Vyu+fkAu= —g’Vﬁ+L+AHV2u—yu|u| (5a)  and for the cyclonic meander south of Japan. For interme-
pH diate times, the variability found in the model results is in
97 agreement with the observations. The disruption of the elon-
—+V-(Hu)=0 (5b) gated state, accompanied by the disappearance of the two
o main anti-cyclonic meanders, occurs in less than 1 year (from
wherek=(0,0,1), t=(v*,0,0) andu=(u,v,0) is the hor-  year 1994;=158yr to year 1995=159 yr).
izontal velocity vertically averaged in the upper active Also the observed KE path lengthke and mean lati-
layer, 7 is the interface displacement (positive downwards), tudinal positiong of the upstream KE axis (both defined
H=D-+i is the upper layer thickness, where the undisturbedin Qiu and Chen 2005 were compared with the corre-
layer thickness i$)=500 m, the density of the upper layer is sponding model results fot ;=220 n?s~1 in Pierini et al.
p=1.0235g/crd and in the reduced gravity the relative varia- (2009, as shown in Fig8. The behavior based on data can
tion of density between the two layersAg /p=0.0045. The  be summarized as follows (Figa and b): (i) during the

ou
ot
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Fig. 7. Maps of yearly averaged SSH field computed from altimeter data (adapted from FiQi2 afid Chen2005. Panels in gray scale:
snapshots of the SSH fields computed from model data at the beginning of each year. A correspondence of year 1993 with model year 157
is made (fromPierini et al, 2009.

elongated state (roughly covering the periods 1993—-1995 andashed linesj =240 n? s~ down to Az =235nfs 1, the
2002—-2005).ke and¢ are both weakly varying about their system undergoes an impressive change in behavior. There
mean value; (ii) during the recharging (transition) phase ofis a transition from weak amplitude irregular oscillations
the relaxation oscillation, that lasts about 7 years and conat Ay=240nfs ! (corresponding to gyre-mode variabil-
nects those two periodéxe yields a much larger (high fre- ity) to a much larger amplitude relaxation-type oscillation at
quency) variability whilep shows a clear positive trend until Ay=235nfs L.
approximately the end of the transition. The model data for In Fig. 10a, the abrupt transition from a small ampli-
two successive cycles (Fi§c—f) shows the same qualitative tude oscillation to a large amplitude relaxation oscillation is
behavior and also an acceptable quantitative agreement bottvidenced in the time series. In thies—Ep phase plane
as far as the timing and the amplitudes are concerned. (Fig. 10b), whereE is the kinetic energy of the flow over a
The bifurcation behavior of the model solutions with; ~ "€gion B south of Japan, the view is even more dramatic; for
as control parameter was also investigatedPierini et al. AH:24OYT?S_1 (blue curve) the trajectory occupies a rela-
(2009. Figure 9 shows a partial bifurcation diagram ob- tively small area in state space while f0f; =235 nfs the
tained by performing a large number of forward time inte- rajectory suddenly explores a new high energy area in state
grations. For each value ofy the curves with labels min  SPace. This change in behavior can be illustrated in more de-
and max give the range within whidhy, (the kinetic energy tail by considering the Probgbmty Density Function (PDF_) in
per unit mass integrated over the sector A of Figvaries € Ea—Ep phase plane. FigurtOc shows that the PDF is-
after spinup. Fordy<230n?s! the two pairs of curves confined in a restricted region around the unstable fixed point
b b and e —co are associated with the sponta- 0F A#=240nFs™, and then expands fot;=235nfs ™2,
min—bmax min—Cmax ponta . . L .
neous switching of the trajectory between two equilibrium €mMbracing regions well beyond the original basin of attrac-
flows. It was found that in the interval (between the two tON, characteristic of a homoclinic bifurcation.
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Fig. 8. (a) Upstream KE path length integrated from 241to 153 E computed from altimeter data (adapted from Fig. Qaf and Chen

2009; (c, e)same quantity computed from model data for two successive cycles, respedtidlatitudinal position of the KE averaged

from 142 E to 153 E (adapted from Fig. 4 d@iu and Chen2009; (d, f) same quantity (drawn curves) computed from model data for two
successive cycles, respectively; the thick gray line is the mean value of each quantity. In each panel c—f, the thick gray line is the mean value,
and the dashed line is the kinetic eneiffly per unit mass integrated over a sector A which covers the KE region (unitém_z). The

time interval between the two vertical dashed lines corresponds to the transition phasei@rimiret al, 2009.

The important point of this subsection is that low- Inthe Rossby wave view (Sect. 2) the bimodal weakening
frequency KE variability, resembling observations both qual- (strengthening) in the KE jet and recirculation gyre is consid-
itatively and quantitatively, is found in a reduced-gravity ered to be consistent with westward propagation of negative
shallow-water model under steady forcing. This variability (positive) Rossby sea surface height anomalies (hindcast us-
very likely results from a homoclinic transition similar to ing linear vorticity dynamics) generated in the eastern North
those found in the quasi-geostrophic models of the doublePacific by varying windsQiu and Chen2005; so, in this
gyre circulation (Sect. 3.3). view, V1 is to some extent identified with V2. An appropri-
ate scaling of the fully nonlinear quasigeostrophic vorticity
equation shows, however, that both the Kuroshio and the KE,
in its various stages of the observed bimodality, are highly

From the analysis presented in this note it is clear that tWononhne:;\r dynamical features (as usual for western boundary

o currents and for their extensions), so, the method followed in
forms of low-frequency variability (V1 and V2 heretofore) the Rossby wave view (Sect. 2) of analyzing the KE bimodal
existin the KE system. There is (V1) a highly nonlinear, spa- y . yzing

tially sharp, frontal bimodal behavior characterized by two varlablht_y by decomposing .'t into a climatological mean_jet
. ; (determined from observations) plus a Rossby wave signal
completely different contracted and elongated jet states al* . : .
. . . solution of a linear model does not appear to be adequate in
ternating chaotically on a decadal time scale through very” . . ) i X
. . L principle, because the modulating bimodal signal can hardly
distinctive and asymmetric transitions between them. More-,

over, there is (V2) a weaker, essentially linear, spatially broacPe described by the linearized dynamics and would interact

. . nonlinearly with the mean flow. So, it is not surprising to
field of westward-traveling Rossby waves. These two forms,. ;

A ; . find that the results of such a modeling approach are unable
of variability appear to be synchronized, at least during the

15 year-period 1993-2007, as documente and Chen to account for the observed.b|modalllty (F2R). The.sarr_\e re-
. . oy sults do show, however, an interesting synchronization of the
(2009, in pressthrough altimeter data.

Rossby wave signal V2 with the observed bimodal variabi-
lity V1, posing an interesting fundamental issue (see below).

4 Discussion and conclusions
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Kuroshio Extension kinetic energy
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Fig. 9. Bifurcation diagram, with the control parameter given
by the lateral eddy viscositdy. The curves with labels min
and max give the range within whick 4 varies after spinup.
For Ay<230n?s~! the two pairs of curve$min—bmax and
cmin—¢max are associated with the spontaneous switching of the
trajectory between two equilibrium flows (froRierini et al, 2009.

kinetic energy, sector A (x10'® m° s?)

26 28 3
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In the intrinsically generated variability view (Sect. 3), a
fully nonlinear shallow water model (Sect. 3.5) has proved

successful in reproducing quantitatively (within the limits of ¥

an idealized model implementation) the most salient features ~ -+ s

of the KE bimodality V1. Another interesting aspect that %%Q ~

we here want to emphasize is that the time-mean state ob *@% S
tained from the modeled low-frequency variability (which is Be

substantially different from both the contracted and the elon-
gated states) is in good agreement with the observed clima
tology of Teague et al(1990, as shown in Sect. 3 dierini
(2006. So, in the intrinsically generated variability view, =
an appropriate dynamical model provides also a sufficiently
realistic mean jet as a byproduct of the time-dependent re-
sponse. This is conceptually a great advantage over the lin
earized analysis typical of the Rossby wave view.

Support for the intrinsic generation of V1 is also provided
by ocean general circulation model studies. Through an
empirical orthogonal function analysis of an eddy-resolving
model (OFES) hindcastflaguchi et al(2007) decomposed
the variability into a me_ridionally proad mode and gfrontall— Fig. 10. (a)Time series of the kinetic energy4Eand (b) pro-
scale mode: the_ T'rSt 'S_ recognized to be aSSPC'at?d \_N'tl]‘ection of flow trajectory onto the&Ep-E4 plane, whereEp is
Rossby wave activity while, for the second, nonlinear intrin- the kinetic energy of the flow over a region B south of Japan,
sic oceanic mechanisms are suggested to be likely. In factor A,=240n?s™ ! (blue line) andA;=235nfs™1 (red line).

a climatological run was shown to produce an amount of(c) Probability density functionP on the Ez-E4 plane for
frontal variability in the KE region that is comparable to that Az =240nf s~ 1 (lower panel) andi ;=235 n? s~ (upper panel;
energy units in 163m® s~2). Figure is fromPierini et al.(2009.
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