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Abstract

Multiple equilibria as well as periodic and aperiodic solution regimes are
obtainedin a barotropicmodel of the midlatitude ocean sdouble-gyrecirculation. The
model circulation is driven bg zonalwind profile that is symmetricwith respectto the
square basin’s zonal axis of North-South symmetry, and dissipated by lateral friction.

As the intensity of the wind forcing increasesan antisymmetricdouble-gyre
flow evolves through itchfork bifurcationinto a pair of mirror-symmetricsolutionsin
which either the subtropicalor the subpolargyre dominates.In either one of the two
asymmetric solutions, a pair of intenseirculationvorticesforms closeto andon either
side of the point wherethe two westernboundarycurrentsmergeto form the eastward
jet. To the east of this dipola,spatially dampedstationarywave arises,andanincrease
in the forcingamplifiesthe meandeimmediatelyto the eastof the recirculatingvortices.
During this processthe transportof the weakergyre remainsnearly constantwhile the
transport of the stronger gyre increases.

For even strongerforcing, the two steady solution branchesundergo Hopf
bifurcation, and each asymmetricsolution gives rise to an oscillatory mode, whose
subannual periodis of 3.5—6@nonths. Thesetwo modesare also mirror-symmetricin
space. The time-average difference in transport betteestrongerandthe weakergyre
is reducedasthe forcing increasedurther, while the weakergyre tendsto oscillate with
larger amplitude than the stronger gyre.

Once the average strength of theakergyre on eachbranchequalsthe stronger
gyre s, the solution becomes aperiodibe subannuabscillationspersistand stay fairly
regularin the aperiodicsolution regime, but they alternatenow with a new and highly
energeticjnterannual oscillation. The physical causesf thesetwo oscillations—aswell
asof athird, 19-day oscillation—arediscussedDuring episodesof the high-amplitude,
interannualoscillation, the solution exhibits phasesof eitherthe subtropicalor subpolar
gyre s being dominant.Even lower-frequency interdecadabariability arisesdue to an

irregular alternation between subannual and interannual modes of oscillation.



1. Introduction and motivation

Westernboundary currents and their extensioninto the ocean sinterior as a
detachedzonal jet exhibit high temporal variability (Fu and Smith, 1996). The eddy
kinetic energy distribution determined lpng-termship drift and satellite-trackedlrifter
data shows a maximum of variability the westernpart of the midlatitudeoceanbasins,
along the westernboundarycurrentsand their extension(Wyrtki et al. 1976; Brugge,
1995). Various observations, though limitedspatialandtemporalcoveragesuggesthe
existenceof distinct scalesof thesecurrents temporalvariability from subannuale.g.,
Lee andCornillon, 1996),through seasonale.g., Ichikawa and Beardsley,1993; Schott
and Molinari, 1996) anthterannuale.g.,Mizuno andWhite, 1983; Auer, 1987),andall
the way to interdecadal (e.g., Deser et al., 1996).

This observed variability can be divided into two types: forced or externdtead
or internal variability. The former is the responseto changesin the externalforcing,
especiallyin wind stressor buoyancyfluxes, while the latter is due to the system’s
intrinsic instability and nonlinearity. The forced variability doesnot always accountfor
all or evenmostof the observedvariability. For example,Niiler and Richardson(1973)
noted a discrepancybetweenthe observedseasonalvariability of the Florida Current
transport and the corresponding Sverdrup transport. A number of reodalingstudies
have suggesteda new class of intrinsic-variability mechanismsof the wind-driven
circulation as a possible sourceatfservedow-frequencyvariability (Moro, 1990; Jiang
et al., 1995; Speich et al., 1995; Dijkstra and Katsman, 1997; BerloMaadham 1997,

1998; Meacham and Berloff, 1997a).



The theory of the wind-driven circulation is central to midlatitude physical
oceanography.Linear, steady-stateversions of the problem have been studied
theoreticallyby Stommel(1948)and Munk (1950).Nonlinear,frictional versionsof the
problem have beestudiedin idealizedbasinsby Bryan (1963)andVeronis(1966).The
simplest formulation of theroblemof interesthereis to describethe steady,large-scale
barotropiccirculation of a closed,rectangular flat-bottomedoceanbasin on a rotating
Earth, driven by an idealized zonal wind and dissipated by either bottom frictiatei@
friction. This simple systemis governedby a nondimensionalizedbarotropicvorticity
equation,which containstwo nondimensionaparametersthe Ekman number and the
Rossby number. Most of the classical studies of this problem concentrateon the
dependencef its steady-statesolution on thesetwo parameterde.g., Briggs, 1980;
B ning, 1986).

In a nonlinearsystem,multiple equilibria may exist, andthe systemcan undergo
abrupt transitions from one equilibrium to another as parameters charnige cbmtextof
the wind-driven ocean circulation, Veronis (1963) was the first to examine msitgdely
states and transitions between them in a siagteyclonicgyre. More recently,multiple
equilibria and intrinsic low-frequency oscillatiomsthe wind-driven,double-gyresystem
have been studied using a reduced-gravity shallow-wabelel (Jianget al., 1995; Speich
et al., 1995), a single-layerquasi-geostrophi¢QG) model (Cessiand lerley, 1995), a
reduced-gravityQG model (McCalpin and Haidvogel, 1996; Dijkstra and Katsman,
1997), and a two-layer QG mod@ijkstra and Katsman,1997). Multiple steadystates,
including unstableones, were found systematicallyin regions of a parameterspace

defined by the Ekman and Rossby numbers. This was the case in both windsghglen



gyre (lerley and Sheremet, 1995; Sheremet et al., 1997) and doublg&ggstand lerley,
1995; Jianget al., 1995; Speichet al., 1995; Dijkstra and Katsman, 1997) circulation
models.In highly inertial casegMcCalpin and Haidvogel,1996), the multiple equilibria
were replaced by multiple flow regimes, distinguished by their energy level.

In a double-gyrecirculationforcedby a meridionally symmetriczonal wind, the
resulting circulation is antisymmetricwhen the systemis weakly nonlinear. As the
nonlinearityincreasesthe antisymmetricsteadysolution losesits stability to a pair of
asymmetricsolutionsthrough a pitchfork bifurcation (Cessiand lerley, 1995; Dijkstra
and Katsman,1997; Ghil et al., 1999). Jianget al. (1995) showedanalytically how this
occurs due tanirror symmetryin the governingQG potentialvorticity equation.In this
case, all solutions are either symmetric themselves about the symmetry axidahtie
andthe forcing, or havea mirror-symmetricpartner.Evenwhenthe governingequations
or the forcing do not admit a perfect mid-basin symmetiair of asymmetricsolutions
which is nearly mirror symmetricarisesthrougha perturbedpitchfork bifurcation (Jiang
et al., 1995; Speichet al., 1995). The unstablesteady antisymmetricsolution exhibits a
moreintensedouble-gyreflow comparedwith that in either asymmetricsolution (Cessi
and lerley, 1995; Speichet al., 1995), i.e., it is more energeticthan the asymmetric
solutions.

As the forcing is increasedor the dissipationis reduced, either branch of
asymmetricsteady solutionslosesin turn its stability to periodic motions that arise
through a Hopf bifurcation (Jiang at, 1995; Speichet al., 1995; Dijkstra and Katsman,
1997). In thedouble-gyreproblem,the periodicflows that emanatdrom one of the two

solution branchescan have a different time scalethat for the other (Jianget al., 1995;



Speichet al., 1995; Dijkstra and Katsman,1997).In the 1.5-layer shallow-watermodel,
periodic solutionsthat bifurcateoff the branchthat hasa strongersubtropicalgyre have
an interannual period, while the period is subanifwrathe other branch,alongwhich the
subpolar gyre istronger(Speichet al., 1995). The sametwo distinct temporalscalesof
oscillation also occur in a 1.5-layer QG model, for which full mid-basin symmetry
prevails (Dijkstra and Katsman, 1997).

As the forcing idurther increasedr the dissipationdecreasedhe flow becomes
more intense, the nonlinear effects mongortant, especiallynearthe westernboundary
andthe jet separationandthe solution eventuallypbecomesaperiodic.In the caseof the
single-gyrecirculation, this transition occursvia quasi-periodicmotions (Berloff and
Meacham,1997, 1998; Meachamand Berloff, 1997a). Power spectra of the quasi-
periodic motions involve discretepeaksat two or more incommensurabldrequencies,
often superimposedn a low level of backgroundnoise. The spectralpower at lower,
interannual and interdecadal frequencies, increases substantially for chaotic motions.

In many bifurcation studies of geophysical flows (Ghil and ChildrE387)it has
been observed that the periodic solutions which constitute but one signgbst route
to chaos leave their spectral imprint on ttieaoticmotionsthat prevail further on along
this successive-bifurcationoute. Furthermore the spatio-temporalpatterns associated
with the instability mechanismthat gives rise to the Hopf bifurcation are often still
discernible in the chaotic evolution (Ghil and Robertson, 2000).

The wind-driven circulationin a double-gyreoceanbasin also becomesaperiodic
abovea certainthresholdof nonlinearity (Jianget al., 1995; Speichet al., 1995). The

spectrum of an aperiodic shallow-water solution calculated fectangulabasinclosein



size to the North Atlantic is dominated by interannual peaks at well-separated
frequencies, which also contain the frequenctheforiginal Hopf bifurcations(Speichet
al., 1995). In the aperiodicregime exploredby McCalpin and Haidvogel (1996), three
maximaappearin a histogramof their QG model’skinetic energy;they correspondto a
high, a low, and an intermediate energy level. The high-energy regoharecterizedy a
long penetrationscaleof the zonaljet, little meanderingand limited eddy activity. The
low-energy regime is characterized by a shgtrpenetration substantiaimeanderingand
increased eddy activityl he low-energyregimeis preferredin theseauthors simulation,
since their wind field lacks mid-basin symmetry and thus favors a partlmalachof the
perturbedpitchfork bifurcation[seealsoMoro s (1990) resultsand Jianget al. s (1995)
analysisof QG models]. The irregular transitions among these regimesresult in the
saturation of the model s power spectrum toward the lowest frequencies.

The abovestudiesclearly show that evenwhen the wind stressis steady, the
model ocean scirculation can exhibit internal variability on varioustime scales.In the
double-gyremodels,whetherQG or shallow-water single-or multi-layer, the variability
is concentrategpatially wherethe flow is mostintense nearthe confluenceof the two
counter-rotatinggyres’ western boundary currents and their separationand eastward
extension(Jianget al., 1995; Speich et al., 1995; Dijkstra and Katsman,1997). This
feature resembles at least qualitatively the observations (e.g., BruggeFu39% Smith,
1996). The modelresultsso far lack realismin severalrespectsandit is not yet known
how much the intrinsic variability they exhibit contributes to obsenaEhnicvariability.
Still, the midlatitude oceans’ nonlinear dynamics clearly affects\haability, especially

the variability of the westerboundarycurrentsand eastwardets. Speichet al. s (1995)



comparisonof simulatedand observedspectra,in particular, strongly suggestthat the
internal variability of their simulatedmid-latitude oceanis an important factor in the
observed interannual variability of the North Atlantic.

The idealized model studies so far have not clarified how the aperiodic low-
frequencyvariability arisesin a double-gyreconfigurationfrom the periodic solutions.
Indeed,most of thesestudiesuseda global quantity like the total kinetic or potential
energy in analyzing aperiodic-regime results and diceraininethe detaileddynamicsof
the transitionto this regimeor within it. The aperiodicvariability seemgo arisemostly
from the interactiorbetweenthe intensesubtropicaland subpolarvortices.The purpose
of this paperis to revisit the double-gyrewind-driven barotropic circulation of a flat-
bottomed ocean in order to gain more insigld the system ssuccessivéifurcations.|t
emphasizes theansitionto aperiodicsolutions,aswell asdescribingand explainingthe
internalvariability of the latter. To do so, we study a barotropic numericalmodel in a
square ocean basin and examine systematically the changes in the windidulblengyre
circulation as the Rossby number changes.

The paper is structured as follows. Section 2 describes the ideadoaEiusedin
the study together with its finite-difference discretization. The barotropic vorticity
equation is presented mondimensionaform in Section2a. This form is usedin Section
2b to choosethe parametershat we changesystematicallyto examinethe evolution of
the numerical solutions. The dependence of these solutioaslwsenparameter and
their physicalnature is considerednext, with steady-statesolutionsand the overall
bifurcationstructurepresentedn Section3 and time-dependensolutionsin Section4.

Concluding remarks appear in Section 5.



2. The numerical model

a. Governing equations and discretization

The numericamodelemployedin this study is a barotropicversionof the semi-
spectral primitive-equation model (SPEM) of Haidvogel e{91a).Theseauthorsand
Hedstrom (1994) give a complete description of SPEM and its solptemedure SPEM
solvesthe fully nonlinearprimitive equationsof motion using the hydrostatic, rigid-lid,
and Boussinesq approximations. The model equations are disctefifimite differences
in the horizontal; the spectral expansionin the vertical uses modified Chebyshev
polynomials adasisfunctions.Model variablesare arrangedon a staggeredirakawaC-
grid in the horizontal, and a centered,second-ordeffinite-difference approximationis
adopted.Applications of SPEM to physical oceanographistudies can be found in
Gawarkiewicz and Chapman (1991), Haidvogel et al. (1991b), and Chen et al. (1996).

In the presenpaper,we only considera barotropicversionof the SPEM model.
In a companionpaper, however,we exploit more fully the flexibility of SPEM with
respectto variablebottom topography,aswe explorethe effect of marginalseason the
double-gyrecirculation. The barotropicvorticity equation(BVE) in a rectangularbasin

governs the dynamics of the system that we explore,

(O7Yy+ I (,0%Y) + P == (UH) Ty /pp + Ay, (1)



here H is the basin s constantdepth, B is the meridional gradient of the Coriolis

parameterr” is the zonalcomponenif the wind stress,and p, is the water s constant
density, A, is the horizontalviscosity, J is the Jacobianoperator, 7 ? and [0  are the
Laplacianand biharmonicoperatorsand subscript(x, y, t) denotepartial differentiation
with respectto the correspondingrariables.The BVE governsthe streamfunctiony for

the vertically averagedvelocity componentsu = - ¢4, v = (). The wind stressis

assumed to have a simple symmetric form,

T = —Tocos(2my/Ly), (2)
whereT is its amplitude and, is the basinwidth in the y direction;we usel, = L, for
simplicity. The wind stress appliedasa body force to the presentbarotropicmodel s
single layer.

The forced-dissipative BVE is nondimensionalized by the scaling

(xy) = LO¢,y%), t = (B, 1= Tor, ¢ = 21T/ (BHP,) ¢, (3)
where the asterisks denote the scaled variables. This scaling yields

(O%)+RI(WO?Y) + gy ==sin (2Zry) + EL Y, 4)
where all the variables are now nondimensionalthedsteriskshavebeendropped.The
streamfunction is scaled by the basin s maximum possible Sverdrup transport.

The forward-integration method adopted in SPEM is similar to thathar ocean
general circulatiomodels(GCMs). The total velocity componentsare decomposedhto
an external, vertically averaged mode plus internal modes. The vertigatiyged/elocity
field is determinedby time-steppingof the BVE, and the correspondingvaluesof the
streamfunctiorfield are determinedfrom the associatecelliptic equation.The internal

velocity field in the presentbarotropicconfiguration  with constantdensity andwind
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forcing of body-force type is zero. The BVE in a flat-bottomed rectanguaeanbasin
is symmetricwhen the applied wind-stresscurl admitsthe same symmetry about an
eastward-pointingxis, asis the casefor Eq. (2). SPEM s vorticity equation(1) differs
slightly from that given by the QG approximationin the form of the forcing term. The

symmetry,however,is not violatedwhenthe forcing is given asin the nondimensional

Eq. (4).

b. Choice of parameters

Two nondimensionahumbersarisein Eq. (3), the Rossby numberR and the
horizontal Ekman numbét ,

R=2mnTy/ (p, B2HL3), E. = A,/ (BL?). (5a, b)
With thesedefinitions, the nondimensionawidths J, and J,, of the inertial and frictional
boundary layers, respectively, become

5 =R%? o, = E % (6a, b)
Oceanographically relevant values of these widtle < J,, J,, £ 0.1 (e.g.,Sheremeet
al., 1997).

The model domain is a closed rectangular basin with a flat boEwae-sliplateral
boundaryconditions were applied. Table 1 shows the parametervaluesusedin our
numerical experiments. The most important idealization in the pressdelstudy is the
neglect of vertical stratification, arfienceof baroclinicphenomengcompareBerloff and
Meacham, 1997, 1998; Dijkstra and Katsman, 1997; and Ghil et al., 1999, whixteihe

are present).The total density was set equalto the constantvalue of p,= 1000 kg m™,
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The uniform ocean depthi, wastakento be 400 m, which canbe regardedasthe mean
depth of the permanent thermocline.

[Table 1 near here, please]

The details of the western boundary layer structure are thought to play an
important role in determiningthe flow patterns obtained (e.g., B ning, 1986). The
dimensionalengthscaleof the frictional Munk layer is (A, /8)Y® = 63 km. We choose,
following Jianget al. (1995) and Speichet al. (1995),Ax = Ay = 20 km. This permits a
fairly good resolution of thtMunk layer. Ghil et al. (1999) and Simonnet(1998) discuss
further theeffect of grid size on resolvingthe inertial phenomenan the highly nonlinear
parts of the flow field.

Ghil et al. (1999) consider the total number of mutually independent
nondimensionalparametersfor various models of the double-gyre problem via an
application of BuckinghamB-theorem (Barenblatt] 987). We shall concentraténereon
studying our model’s bifurcation structuaea function of the two parameters), and 9,,.
Thesetwo nondimensionaparameterdave an easily graspedphysical meaning:their
ratio represents the relative importance of inertial and frictional effects.

In a seriesof numericalexperimentsthe parameterd,, is held fixed, while J, is
graduallyvaried. This is achievedby keepingA, constantand changingthe wind-stress
intensityTy; such a variation is equivalent, according to Egs. (5, 6), to vatigmBossby

numberR while keeping the Ekman numlgr fixed.

3. Numerical results
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a. Classification of solutions

Numerical continuation methodshave beenused by Cessiand lerley (1995),
Speich etal. (1995), Dijkstra and Katsman(1997), Primeau(1998) and Simonnet(1998)
to follow steady-statesolution branchesof the double-gyreproblem in both shallow-
waterand QG models.Therearetwo reasonsfor not using such a methodhere:i) the
domain size we choge exploreis largerthanthat usedby thesepreviousinvestigators,
while our resolutionis the sameor similar, hencethe state vector is too largeto apply
comfortably numerical continuation; and ii) our emphasisdie$ollowing the bifurcation
tree past periodic and all the way into chaotic solutions, as done by Jiang et al afi®95)
Ghil et al. (1999). We have usedthereforea methodwhich representsa poor-man s
version of continuationfor steady-statesolutions, but also applies to following in
considerable detail time-dependent, periodic and aperiodic solutions.

To do so, wenavekept J,, = 2.46x107 fixed and haveexploredsolutionsin the
rangeof &, between1.08x102 and 2.22x10% , or from 0.44 to 0.90 in terms of the
boundary-layeratio BLR betweenthe two length scales,BLR = ¢, /dy. The numerical
model wasntegratedforward in time for a fixed BLR value until a statistical-equilibrium
state was attained; this takes usually abotidd§s. Fouiscalarquantitieswere savedat
one-day intervals for further analysis. The basin s total kinetic eB&gyis definedhere
to be the sum of the kinetic-energy values at each grid cell over the entire domain.

The maximumtransportwithin the subtropicalandthe subpolargyresis defined
in termsof the maximumpositive andthe (algebraically)minimum negativevalue of the

barotropicstreamfunction, and Y respectivelysothat | ¢ | =+ ¢ and| Y, |= -
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L,Upo. Eachone of thesemeasureghe instantaneousstrength of the respectgyre. The

normalized transporifferenceTD betweenthe two gyres,cyclonic and anticyclonic,is
defined by

D=1y, [=1¢, 11/ max(g]). (7)

The differencélD is used as measureof a solution ssymmetrywith respectto
the mid-basin axis. If TD equals zero, the model s double-gyre circulation is
antisymmetric, with counter-rotating subtropical and subpolar gyres of seagth.As
the scalarquantity TD deviatesfrom zero, the circulation becomesmore asymmetric.If
TD is positive, the subpolar transport is largfesin the subtropicalone.As we shall see,
this is associateavith a moreintenserecirculationvortex in the southwestcornerof the
subpolar gyre, a smaller spatial extent of the gyre as a wholenaastwardet that lies
on average to theorth of the latitude of vanishingwind-stresscurl. The oppositeis the
case forTD < 0.

For a giverBLR value, weverify that a solution reachesstatisticalequilibriumby
checking the behavior of the foscalartime seriesjust defined.Oncethe transientshave
died down and all foutime seriesindicatethat a statisticalequilibrium hasbeenreached,
the solution in question is run for long enough to be able to studydetail. Next, a new
numericalexperimentis started,in which a larger BLR value is now imposed.To make
sure ee to the extentpossibleae that the next solution is on the samebranch as the
previous ones, the final state of the previenperiments usedasthe initial stateof the
new one. This yield47 consecutiveunsin which BLR rangesfrom 0.44to 0.90,asthe
wind-stressintensity T, increasegrom 0.5 dyne cmi? to 2.1 dyne cm? in incrementsof

0.1 dyne cn¥; the first of these runs was started from a state of rest.
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Figure 1 shows the results for the ladtrunsout of thesel7 ascontinuoustime
series of the transport rafi®, basinkinetic energyBKE, and nondimensionamaximum

transportqu0| and g, of the subpolar andubtropicalgyres[panels(b)—(e)]Only the

final 50 years out of the total 140-year run caroed with BLR = 0.65 areshown;these
50 yearsdllustrate clearly the transitionfrom a symmetricsteadystate,with TD = 0, to
an asymmetrione,with TD < 0. The modelwasrun for 90 yearsusingBLR = 0.9, the
largestvalue, sincethe resultsindicatedthis valueto be in the aperiodicregime,and we
wished to accumulate a sufficientyng sampleof flow patternsin this regime;only the
first 30 years are shown in the figure.

[ Fig. 1 near here, please ]

As BLR increasesye candiscernessentiallythree types of solutionsin Fig. 1:
steady,betweent = 0 and 120 years;periodic,betweent = 120 and roughly 175 years;
and aperiodidor t > 175 years.The steady-stateegimecanbe further divided into two
subregimes: antisymmetric, wh&b = 0, and asymmetric wheéfD # O (see Fig. 1b).

The nonlinearityof the solutionscan be measuredyy determiningthe ratio NR
between the maximum transpgit., attainedduring a givenrun, Ymax = max( |¢4 ), and
the linear or Sverdrup transport

Ws, = 21T,/ Bpo ; (8a)
thus

NR = Y ! s, - (8b)
The ratioNRis plotted in Fig.1aFor the aperiodicsolutionat BLR = 0.90,NR is greater
than 2.5, and we truncate thiot there;clearly NR increaseswith BLR, andthe solution

becomes periodic whe¥R > 1.9 and aperiodic whedR > 2.21. For thegivenvalueof

15



(see Table 1) and the rangelgfwe use, the Sverdrup transport rangesveenabout16
and 66 Sv.

The role of\NR here is similar to that of th@aximumstreamfunctiorvalue
Q, normalizedby the typical Sverdrup-interiovelocity, asusedby lerley and Sheremet
(1995) andSheremett al. (1997)to characterizegheir multiple steady-statesolutionsin
the single-gyreproblem. In the present double-gyre problem, however, no inertial
runaway of steady-statesolutions(seePedlosky,1996,and referencegherein) occurs.
Instead,transitionto time-dependensolutions, periodic and aperiodic, takes place at
reasonableraluesof NR (seealsoJianget al., 1995, and Speichet al., 1995, for similar

results in a reduced-gravity, shallow-water model).

b. Pitchfork bifurcation

As the forcing increasesfrom BLR = 0.44 to 0.62, the solutions stay
antisymmetricwith TD = 0 (not shownin Fig. 1). Their flow patternsconsistof two
counter-rotatinggyresthat are mirror imagesof eachother in the problem ssymmetry
axis: the anticyclonic subtropicalgyre and the cyclonic subpolargyre have both equal
strengthand equal extent. The steady-statelow patternsat BLR = 0.52 and 0.62 are
plotted in Figs. 2a and 2b, respectively. They show that a more and more intense
recirculatingvortex appearsan the southwesterrcorner of the subpolargyre andin the

northwestern corner of the subtropical gyre, as the wind-stress intgpsityl hencethe

nonlinearity of the solutionsincreasesThe maximum negative and positive transport

occurwithin thesetwo vorticesand exceedthe Sverdrupvaluefor the givenwind stress
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by the ratio NR = 1.27for BLR = 0.52 and NR = 1.58 for BLR = 0.62. Both vortices
intensify to an equal degreesthe forcing increasedbetweenBLR = 0.44and0.62, hence
TD remains zero in this solution regime.

[ Fig. 2 near here, please |

TheTD value in Fig. 1ébecomesegativewhenBLR increasegrom 0.62to 0.65,
which implies that the steady antisymmetric solution evolves into an asymmetric
solution. The instability of the antisymmetricsolution to asymmetricperturbationsis
still quite weak at this point, and so weedto run the modelfor along time in orderto
find a steady asymmetricsolution at BLR = 0.65, starting from the antisymmetric
solution aBLR = 0.62. The modelwasrun for 140 yearsandTD startsto deviatefrom
zero only after 90 years of integratidn=(0 in Fig. 1); hence only the final 50 yeargloé
run are shown in Fidl for this BLR value.Oncethe asymmetricsolutionat BLR = 0.65
was obtained,we decreasedhe wind stressbackto BLR = 0.62 and checkedthat the
solution becomes antisymmetric again, which it does (not shown).

As BLR is increasedurther, the instability of the antisymmetricsteady solution
increasesand so doesthe asymmetryof the steadystateto which the faster transient
equilibrates. On the solution branch illustrated in Fig. 1aganmmetricsolution (Fig. 2c)
is characterizedby the subtropical gyre being stronger than the subpolar one. The
subtropical and subpolar recirculation vortices form together an asymmetric dipthéel
by the strongersubtropicalrecirculationvortex, the subpolar gyre crossesthe basiris
zonalsymmetry axis, andwraps partially aroundthe subtropicalvortex s easternflank.
Steady asymmetricsolutions are obtainedin the BLR rangefrom 0.65 to 0.79. The

subtropicalgyre transportincreaseswithin the range,while the subpolargyre transport
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remains nearly constant (see Fifyd.and 1e); this resultsin a further decreasef TD, as
shown in Fig. 1b. Instead of gaining in strength,sbbpolarrecirculationvortex becomes
more elongated in the NW—SE directionBifR increases (see Fig. 3 below).

While the solution is antisymmetric,the separationpoints of the north- and
south-flowing western boundary currents are also mirror images of each other. The
eastwardet formedby their mergingis fairly weak,sincethe solutionis more frictional
thaninertial, andthe jet strictly follows the mid-basinsymmetry axis. We shall use the
zero contour othe barotropicstreamfunctiorto definethe axis of the eastwardet. The
position of this contour lings plotted in Fig. 3 for five valuesof BLR between0.68 and
0.79.

[Fig. 3 near hear, please]

The jet s axis showsa spatially dampedwave pattern,with a standingtrough of
largest amplitude that iscatedabout800 km eastof the basin’swesternboundary,and
just to the east of the subtropical recirculation voriehe ridge immediatelydownstream
of this trough has a smaller amplitude, and the subsequently alternating tanaigiuges
have smalleand smalleramplitudes.The characteristiavavelengthof the meanderinget
is of about500-600 km. The entirewave patternincreasesn amplitudewith BLR: the
nodal points stay fixed, while the steepnes®f the wave increasedo the point where
breakingseemsto be imminent aroundthe node locatedat about 900 km east of the
western boundary. This incipient wave breaking is clearly an inertial, nonlinear
phenomenon; it may be the primary reason because of whiasynanetricsteadystate
cannotbe maintainedas the forcing increasesfurther and an oscillatory instability is

triggered.
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The common separationpoint of the two boundary currents, defined as the
intersection of the zero streamline with the western boundary, occurs at abouf{@@ekm
grid point) south of the western boundary s midpoint, and its position doehamjeas
the forcing increases (see Fig. 3). This constant location of the sepaegiogo be due
to the use of free-slip boundary conditionsalno-slip caselike the onetreatedin detalil
by Jianget al. (1995),the separationpoint was shifted south by about100 km in the
asymmetricsteadysolutionsandit changedsubstantiallyas the forcing increasedThis
allowed Jianget al. (1995) to use the meridional position of the separationpoint to
characterizetheir solutions, both steady and time dependentand to construct their
bifurcation diagrambasedon this scalardiagnostic.Furtherdiscussiornof the role of the
boundary conditionsin the determinationof the separationpoint can be found in
Haidvogel et al. (1992) and in Appendix A of Jiang et al. (1995).

The emergence of the symmetry-breaking solution branch hersugtiestdhat a
pitchfork bifurcation occurs betwe®iR = 0.62 and 0.65. Adiscussedn Sectionl, the
QG versionof the double-gyreproblemis perfectly mirror-symmetricwhen the wind
stress and boundary conditions drencea pure pitchfork bifurcationarisesasthe wind
forcing increases and leads to a pair of mirror-symmestiations,eachof which is itself
asymmetricMultiple steadysolutionsat a fixed parametewnalue arethus possible.The
other member of the asymmetric pair can be obtained tsaQG symmetry (Cessiand
lerley, 1995; Dijkstra and Katsman,1997). Whenthe governingproblemdoesnot admit
mid-basinsymmetry, a perturbedpitchfork bifurcation occursand the other memberof
the pair can be found using a different initial si@anget al., 1995). The lack of perfect

mirror symmetry may be dueto the form of the equations(shallow-wateror primitive-
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equationratherthan QG), the shapeof the domain, or the forcing wind profile (Moro,
1988). The physical mechanisnof the symmetry breakingwas analytically studiedby
Jiang et al. (1995).

As discussedn Section2a, our barotropic SPEM problem does have intrinsic
mid-basin symmetry. Still, as an additional check on the accuracyof our numerical
procedures, we conducted experiments to verifyethgtenceof the other memberof the
asymmetric pair of multiple solutions by taking an initial state

W, (6y,0) == 4 (% -V, o),
wherey (X, to) is anasymmetricsteadysolutionon the solution branchillustratedin

Fig. 1. The model was then integratedfioe yearswith the initial state W, (xy,0) given

above; this run showedvirtually no changesbetweenits initial state and the final,
equilibrated solution. The other member of a mirror-symmetric pair of asymmetric

solutions obtained &LR = 0.68 by this procedure is also shown in Fig. 2d.

c. Complete bifurcation diagram

As explainedat the beginning of Section 3a, the presentproblem exceedsthe
currentcapabilitiesof numericalcontinuationcodes,with respectto the size of its state
vector on the one hand,andthe complexity of the solution branchesve wish to follow,
on the other. The bifurcation diagram is constructieerefore basedon the 17 numerical
experimentawith different BLR values,and using the runs TD valuesas a function of
BLR. In Fig. 4, a singldD value is plotted for the steady solutions, while (followiang

et al., 1995) the maximum and minimum values are plotted for periodic solutions.
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[ Fig. 4 near here, please |

The normalform of a pitchfork bifurcation  in systemsof both ordinary (e.g.,
GuckenheimeandHolmes,1983) and partial (e.g., T mam, 1997) differential equations

involves a cubic nonlinearity, with the two mirror-symmetric branchesforming a
parabola that intersectle branchof antisymmetricsolutions at right angles.Quonand
Ghil (1992) applied this knowledge to obtdire bifurcation diagramof a highly resolved
two-dimensional modedf the thermohalinecirculation. We follow themandleast-square
fit a parabola to the 6 paif pointsin the (TD-BLR) planeof Fig. 4 for 0.65< BLR <
0.79; it intersectsthe unique antisymmetricbranchTD = 0 at BLR = 0.635, which is
therewith our best approximation of the pitchfork bifurcation point.

Positive (negative)valueson the ordinate of the TD—vs.—BLRlot indicate that
the subpolar (subtropical) gyre is stronger. We will refer hencefortheseasthe upper
(lower) branchof steadysolutions.Asymmetric solutionson the upper (lower) branch
have a more intense subpolar (subtropical) gyretheéastwardet displacednorthward
(southward). This identification of the two branches is thus the safnethe bifurcation
diagram of Jiang et al. (1995), who used the meridional position of thetjetir ordinate
and anothernondimensionameasureof the forcing as their abscissaThe evolution of
solutions shown in Fig. 1 corresponds to that on the lower branch.

Both stableand unstablesteady solutions have beeninvestigatedoy Newtoris
method in a wide regioaf the forcing—vs.—dissipatiganefor a single-gyre(lerley and
Sheremet,1995) as well as for a double-gyre (Cessi and lerley, 1995) barotropic
circulation. Our choicef nondimensionaparameters  §,, = 2.46x10%, 1.08x10% < ¢,

< 2.22x107?, with correspondin@LR values in the range 0.44BLR<0.90 liesin the
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parameter region explored by Cessi and lerley (1995), and our rarthe tmrexistencef
multiple stable equilibria is consistentwith their results. An unstable antisymmetric
solution exists within the sameparameterrangein a pitchfork bifurcation (Cessiand
lerley, 1995; Speichet al., 1995; Dijkstra and Katsman,1997), but cannotbe found by
forward-marching numerical integration.

Multiple stableequilibriaexistonly in afairly small portion of parameterspace,
for moderate-to-high forcing and moderate-to-low dissipation Cessiand lerley, 1995,
Fig. 7; Jiang et al., 1995, Fig. 4). We consideronly one value of J,, here, but can
conjecture from these earlier studies tthat pitchfork bifurcation point shifts to a lower
(higher) value of 9, as 9,, is decreasedincreased)n a (o, —9,, ) parameterplane. No
multiple equilibria are found in highly inertial caseghat correspondo very high forcing
or very low dissipation (McCalpin and Haidvogel, 1996; Meacham and Berloff, 1997a).

Above BLR = 0.79, the steady solution branchedose their stability to periodic
solutionsthrougha Hopf bifurcation.In Fig. 1 it is clear that dampedoscillationsarise
when changindBLR from 0.68 to 0.71 and so otite oscillationsbecomeself-sustainedt
the transition from 0.79 to 0.81. The periodmutionsarefound in arangeof BLR from
0.81to 0.88.The Hopf bifurcationis supercriticalsince (i) the finite amplitudeof the
periodic solutionthat appearsat BLR = 0.81, immediatelyafter the steady solution at
BLR = 0.79, shrinks back to zero BsR is decreased fro@.81to 0.79 (not shown);and
(i) the amplitudeof the periodic solutions after the Hopf bifurcation is a smoothly
increasing function dBLR.

An increasen the oscillation amplitudewith BLR is clearly apparentin Fig. 1.

Figures 1d and le also indicate that the mean oscillation amplitude is largesurtuar
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transport on this lower branch, while the mean transport onaitgsrfor the subtropical
gyre thanthe subpolarone. The oppositeis true for solutionson the upper branch(not
shown).

The normal form ofa Hopf bifurcationhasa quadraticright-handside. Quonand
Ghil (1995) and Cheand Ghil (1996) usedthis fact to least-squardit a parabolato the
results of dimited numberof numericalexperiments|ike the onesshownherein Fig. 4.
This fit allowed them to obtain a good approximationof the bifurcation curve for
thermohaline oscillations in a two-dimensional meridional-plane ocean modalhybrid
coupledocean-atmosphemnodel, respectively;the latter had an idealizedGCM at its
ocean component (see also Ghil and Robertson, 2000). We ntoelifyocedureof these
two earlierstudiesto accountfor the differentamplitudesof the oscillationsin the two
gyres respective transports: one branch of the sgavabola is scaledso that the two
yield a symmetric parabolawhen doing the least-squardit. The intersectionof the
symmetrizedparabolawith the steady-solutionbranchesyields the Hopf bifurcation
point atBLR = 0.793 for both the upper and lower branch.

As BLR continuesto increasethe periodic solutionson both branchedose their
stability and aperiodic solutions arise eventuallyBaR = 0.9 (Fig. 1). As notedbefore,
the TD value in Fig. 1b decreasess BLR increasesalong the lower steady-solution
branch. On the other hanithe meanTD valuein the periodic-solutionrangeincreasess
BLR increases along the continuationtleis branch(seealsolower half of Fig. 4) andits
minimaJ in absolutevalue [0 eventuallyapproachzero again(not shownin Fig. 4).
Actually, the aperiodicsolution arisesafter the fluctuationsin TD touchthe zero value;

TD-valuesbecomeevenpositive intermittently for the aperiodicsolution at BLR = 0.9
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(seeFig. 1b). We will describethis transitionto aperiodicsolutionsand the nature of

these solutions in greater detail in Section 4b below.

4. Time-dependent solutions

a. Periodic solutions

1) PHASE-SPACE ANDSPATIO-TEMPORAL ASPECTS

Periodicsolutionswith subannuaperiodsariseby a Hopf bifurcation at BLR =
0.81 from the steadystate. Figure 5 shows BKE and the maximum transportsof the
subpolarand subtropicalgyresasa function of time for periodic solutionson the lower
(solid line) andupper (dottedline) branchesat BLR = 0.86. After a transientspin-up of
about 3 model years,the system clearly exhibits a purely periodic oscillation with a
period of 126 days. Similar periodsof 4—5nonths have beenfound in an oceanGCM
with North Atlantic basinbathymetry(C.-C. Ma, A. Wirth, K. Ide, C.R. Mechoso,and
M. Ghil, pers. commun., 1998; see also Chassignetet al., 2000), as well as in a
comparativestudy (Ide et al., 1997) of Topex/Poseidorsatellite altimetry datafor the
North Atlantic (Fu and Smith, 1996) ad anotherGCM simulation(Chaoet al., 1996)
of this basin s variability.

[ Fig. 5 near here, please ]

On both branchesthe oscillation s amplitudeis higherin the weakergyre than
that in the strongerone. The oscillatory modeson both brancheshave the samespatial

mirror symmetry as the pairs of steady, asymmetric solutions. Anomalike sfibpolar
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(|L[Ipo|, solid lines) and subtropicaiy;, dashed lines) transportnd of BKE (dottedlines)

as a function of time are showm Fig. 6 for four periodicsolutionsat BLR = 0.81,0.83,
0.86, and 0.88 on the lower branch. The anomaliesare calculatedby subtractingthe
instantaneous value from the mean value over one full period. ddalyimulatedyear is
shown for each solution, starting from the time whenstiigpolar-gyreéransportis at its
minimum value, and after the asymptotic statexactperiodicity hasbeenreachedThe
BKE is downscaledby a factor of 10%, in orderto fit it into the sameplot with the
transports.

[ Fig. 6 near here, please ]

As BLR increases, the oscillation period increases from 106 da&isRat 0.81to
148 daysat BLR = 0.88.On this lower branch,the oscillation amplitude of the weaker
subpolartransport (solid) is larger than that of the stronger(on average)subtropical
(dashed)yas mentionedbefore. The changesn the subpolar-gyretransportlead those in
the subtropicabyre, which leadsin turn the onesin BKE. In theseperiodic solutions,a
slow build-up toward maximum transpastfollowed by a rapid decaytoward minimum
transport. This relaxation-oscillatiorbehavioris somewhatesspronouncedn BKE. As
BLR increases and the system becomes nmandial, the length of time for eithergyre to
build up toward its maximumtransportincreasedaster than the length of time for the
transport to drop fronthis maximumto the minimum value (Fig. 7). The increasen the
period of oscillation as the forcing increases is thus due mainly to this slower build-up.

[ Fig. 7 near here, please ]

The system’sphase-spacérajectory tends, after a fairly short transient,to a

closedorbit, calleda limit cycle. The projection of this limit cycle onto the two phase
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planesof TD versusBKE and (maximum)subpolartransport || versus (maximum)
subtropicaltransport ¢4, is shownin Figs. 8b and 8c, respectively,for BLR = 0.88.
Figure 8a is the same as Fig. 6d but now with the time serig®fadded Maximum and
minimum valuesof the four scalarquantitiesdisplayedin Fig. 8a are marked pairwise
with different symbols:opensymbolsat the time of minimum andfilled symbolsat the
time of maximum.The evolutionof TD andsubpolartransportwith time is denotedby
filled arrows for the rapid decajdK in Fig. 8b,] m in Fig. 8c) andby openarrows
for the slow build-upK@H in Fig. 8b,nE in Fig. 8c).

[ Fig. 8 near here, please ]

TheTD value approaches zero quickly (from belowFig. 8b), and deviatesfrom
zero slowly. The double-gyrecirculation becomescloseto antisymmetricwhen TD is
near zero and becomes more and nasyammetricas TD deviatesfrom zero. During this
slow part ofTD s evolution,the subtropical-gyreand subpolar-gyreéransportsand BKE
attain their maximumvalues(Fig. 8b). The subpolar-gyretransport, which hasa larger
oscillatory amplitudethan that of the subtropical-gyretransporton this lower branch,
builds up slowly and decreases rapidly (Figs. 8a&u)dA kink in the limit cycle occurs
during the slow build-up, nearthe minimum of 4 (Fig. 8c) and appearsto contribute
further to the slow-downof the build-up processas BLR increasesThe kink startsto
develop aBLR = 0.86 (Fig. 6¢), and results in an abrupt increaske length of time for
the subpolar gyre to build up (solid line in Fig. 7) and hence in the oscillation period.

Figure 9 shows the sametwo projections] on the (TD-BKE) plane and ((x
- planel] of the limit cycleasin Figs. 8b and8c; they are plotted for the samefour

BLR values0.81,0.83,0.86,and0.88 asin Fig. 6, but now for both the upper and the
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lower branch.The plots are basedon daily datafor eachrun’sfinal 5 years.As BLR
increases, th&D valuesapproachzero alongthe periodic solution’slimit cycle (seeFig.
9a). The limit cyclesbecomemore and more elongatedas seenin both projections,and
the extreme values of the transport in the weaker anstithegergyre becomecloserand
closer to each other, i.e., to the diagandrig. 9b. This canalso be seendirectly in Figs.
1d, e (where the transports are nondimensional).

[Fig. 9 near here, please]

The time-dependengvolution of the streamfunctionfield providessomeinsight
into the dynamics of the positive and negative feedbacks whose interplayig@/esthe
periodic solutions. Figure 10 shows sevensnapshotsof the streamfunctionfield for
successive phases during one full 110-day cycle of a periodic sahttigitR = 0.83; this
solution belongs to the lowdranch,on which the subtropicalgyre is moreintense.The
mean of the streamfunction over the full cycle is alsown. Similar processescton the
upper branch (not shown).

[Fig. 10 near here, please]

Since the changes in the strength of the subpolar gyr¢Headin the subtropical
gyre and irBKE, the first snapshot is takentat 0, whenthe subpolar-gyreransportis
at its maximum. At = 17, thesubtropical-gyrdransportand BKE are at their maximum,
while the subpolar-and subtropical-gyretransportsand BKE are at their respective
minimaatt = 51,t = 60, andt = 72. At t = 39 andt = 84, the subpolartransportis at
about2/3 and 1/3 of its total range.The subtropicaland subpolarrecirculationvortices
interactnonlinearly acrossthe narrow areawhere the two westernboundary currents

merge and form a strong zonal jet.
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At t = 0 andt = 17, the subpolarand subtropicalrecirculationvortices are both
fully developed,in terms of both their size and magnitude, and form a nearly
antisymmetric dipole, since the two transport maxima are close irtdimachother. The
normalized transport differend® is closestto zerojust two days beforethe subpolar-
gyre transport is at itsmaximum.Due to the slight asymmetry the strongeranticyclonic
vortex dragsthe cyclonic vortex southeastwardt = 0-60 days); this results in the
generatiorof a weakersecondaryanticyclonicvortex that detachegrom the subtropical
recirculation vortext(= 51-72). Thepenetrationof the subpolarrecirculationvortex into
the subtropical region in turn inducesthe northwestwardintrusion of part of the
subtropicalwater and smaller vortices detachfrom the subpolarrecirculationvortex in
association with this northward penetration of subtropical watss.recirculationdipole
shrinks during this stage, and the zonal penetration scale of the jet is reduced.

The southeasternail of the subtropical vortex is located at its southernmost
position att = 51 days,whenthe subpolartransportattainsits minimum value,andthe
meandeto the eastof the dipole reachests maximumamplitude.TD is at its minimum
two days beforethe subpolar-gyretransportis at its minimum. As time goeson, the
subpolargyre recedesandintensifies,followed by the intensificationof the subtropical
gyre (= 72-84 days). The smaller vortices merge back into the main vortex dipiblies at
time, the amplitudeof the meanderdecreasesand the zonal penetrationscaleincreases
again. By day 110, the streamfunction pattern is exactly the same astthdt at

The periodic solution thus evolvesdue to the vortex-gyreinteractions,and the
growth anddecayof the meanderreastof the recirculationdipole. Jianget al. (1995)and

Speichet al. (1995) alsonotedthe associatedplitting of smallervorticesfrom the main
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vortex dipole, their interaction with each otlaerd eventualmergingbackinto the dipole.
For periodic solutionson the upper (not shown)andlower branch,the jet is straightest
and most extendedwhen the two gyres are closestin strengthto each other, and the
recirculationdipole is most antisymmetric.The relatively rapid phaseof jet shortening,
dipole tilting, and increasein downstreammeanderingis the relaxation phaseof the
oscillation. Its build-up phasecorrespondsto the merging of fragmentedvorticity of
oppositesignsinto the graduallystrongerand more antisymmetricdipole, accompanied
by an extension and straightening of the eastward jet.

The instantaneoustreamfunctionanomaliesare shown in Figs. 11la-g; they
correspondto the differencebetweenthe streamfunctiorfields in Figs. 10a-g and the
meanstreamfunctionfield shown in Fig. 10h and, again, in Fig. 11h. The anomalies
resemble an elongatedwave pattern, with curved wave fronts that are roughly
perpendicular tahe SW—NHlirection. The strongestanomaliesarelocalizedadjacento
the first trough and crest of the large meander immediately downstream from the dipole.

[ Fig. 11 near here, please ]

To examine more closelyne propagationcharacteristic®f these,a time seriesof
anomalypatternsalongthe SW-NE orientedline segmentPQ in Fig. 11ais plotted in
Fig. 12, together with the mean streamfunction along the line. The stin@gfQ passes
approximately through the cores of the successive positive and negjadivealypatches.
The southwestward propagation of the anoniigg is obviousfrom Fig. 12a.1ts phase
speedis of about10 cm s on averageihis speedis fairly nonuniformalong the line
segmentPQ andappeargo vanishtoward the Sverdrupinterior of the subpolargyre,

near Q, where the amplitude of tbscillationalsotendsto vanish.The averagespeedof
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10 cm st is much smallerthan the model s free Rossby-wavespeedin water at rest,
which is O (1 m3).

[Fig. 12 near here, please]

The period ofthe oscillationincreasessthe forcing increasesandthis is mainly
due to an increase in the time it takes for the recirculation vortices to attaiméx@mum
transport (see again Figs:-9%. The streamfunction for twperiodic solutionsat the time
of minimumBKE is shown in Figs. 13a, lat BLR = 0.83and0.88,respectively A short
zonal penetration scale, large downstream meandersand strong eddy generation
characterizethis phaseof the oscillation. As the forcing increases,more secondary
vortices are generated and they become stranglarger. The increasan the oscillation
period seems to be associated with the fact that as the forcing increases |dnigddor
the main recirculationvorticesto absorbthe detachededdieswith the samesign of the
vorticity, respectively, and attain therewith their maximum intensity.

[Fig. 13 near here, please]

2) PHYSICAL MECHANISMS

Subannuabscillation periodswere also found in a QG barotropic double-gyre
model driven by asymmetricwind forcing (Moro, 1990). In reduced-gravityl.5-layer
models,whether shallow-wateror QG, periodic solutions on the upper branch have
subannual periods, while those on the lowenchhaveinterannualperiods(Jianget al.,
1995; Speichet al., 1995; Dijkstra and Katsman,1997). The interannualand subannual
variability hasbeenattributedto advectiveprocessesn andnearthe recirculationvortex

and to Rossby basin modes respectively (Jiang et al., D98S8tra and Katsman,1997).
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In the presentbarotropicSPEM, however,periodic solutionson both brancheshavethe
same periods, amplitude, and mean energy level at aBRdalue.

Linear stability analysisof single-gyresolutionsin a barotropic model revealed
four maintypes of instabilitiesthat may trigger time-dependentlows (Sheremett al.,
1997; seealso Meachamand Berloff, 1997a,b): (i) basinmodesof Rossbywaves;(ii) a
wall-trappedshearinstability of the westernboundary current; (iii) recirculation-zone
modesof two distinct kinds; and(iv) a resonantmodethat representsa coupling of the
recirculatingvortex and of selectedRossby basin modes.Our model s streamfunction
anomalies (see Figs. 10—12) are largest in the vicinity of the recircdlpbémand decay
toward the interior of both gyres.The presentoscillatory instability is thus clearly not
due to an excitation of Rosslmasinmodes,which differ from eachotherby the number
and shape of their nodlhes, but haveall minima and maximaof comparableamplitude.
It differs, furthermore from the barotropicinstability of the westernboundarycurrents
discusseduy lerley and Young (1991) and found also in QG single-gyremodels by
Meachamand Berloff (1997b) and other authors(see below), since this instability is
characterized by eddies trapped within the western boundary current.

The instability of thewesternboundarycurrentoccursfirst in the work of G. R.
lerley, V. M. Kamenkovich,V. A. Sheremetand colleaguesas the forcing increaseslt
precedeghe formation of their (single) recirculationvortex (in the northwestcorner of
their subtropical gyre; see al§h. 2 of Pedlosky,1996). This instability is the first one
to arise when the Reynolds numb&fow, andthe basinaspectratio L, /L, equalsunity
(Meachamand Berloff, 1997b; Sheremetet al., 1997),in a single-gyre QG barotropic

model with no-slip boundaryconditionsat the westernand easternwalls. It doesnot
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appear,however,when the gyre aspectratio is 0.5, like here,while it dominatesin a
meridionallylong basinwith aspectratio 2.0 (Meachamand Berloff, 1997b). The shear
instability of the westernboundary currentis also precludedfrom appearingin the
present model due to the use of free-slip boundary conditions (see, for example,
Kamenkovich et al., 1995; Sheremet et al., 1995; Berloff and McWilliams, 1999b).

As shown by lerley and Young (1991) and the authorsjust mentioned, this
instability is wall-trappedit hasthereforelimited incidenceon the subsequenévolution
of the basin-wideflow as the forcing is increasedor the lateral dissipationdecreased,
further. Its absence here is thus aghajor concern to the contrary,it helpsdiagnose
the physical nature of the subannual variability that does play a major role in our model.

In the single-gyre models mentioned above, the wall-trapped instability is
followed by that of a recirculation-zonemode. The latter has beenassociatedvith the
breakdownof the westernboundarycurrent sturning smoothlyinto an eastwardjet. In
the single-gyrenumericalsimulations,the recirculationvortex in the subtropicalgyre s
northwest corner has a shape that does resemblethat of Sheremetet al. s (1997)
recirculation-gyre eigenmodewe prefer to distinguishthroughoutbetweenour (two)
recirculationvortices and the basin-widgyres (see also Ghil et al., 1999).

The bifurcation diagram of the single-gyre models is of the S-shapedsgpig.
2 of Sheremetet al. s paper)associatedavith two back-to-backsaddle-nodebifurcations
that is typical of multiple equilibria (e.g., Guckenheimemand Holmes, 1983; Ghil and
Childress, 1987, Secs. 6.3 and 10.2). Sheremet et al. s recirculationegygamodethe
first of their two kinds of recirculation-zone instabilitiess a nonoscillatoryinstability.

It corresponddgo the first one of the two above-mentionedaddle-nodebifurcations
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(lower nose, in the terminology of Sheremetet al., 1997). It is therefore not of
immediateinteresthere, as our bifurcation sequencestarts with a pitchfork bifurcation
before reaching the supercritical Hopf bifurcation discussed in the previous subsection.

The subannualoscillation found here is due to the periodic changesin the
recirculation dipole s intensity and orientation (see also Ghil et al., 1999) and the
associated interactions with the flow in the rest of the basin. A comparison of Figrel1l
with Sheremeet al. s (1997) Figs. 10a, ¢ strongly suggestshat our oscillationis dueto
an asymmetricversionof their single-gyreresonanimode.The processis similar to that
found on the lower branchin 1.5-layerand 2-layer,double-gyrecirculation modelswith
no-slip boundary conditions (Jiang et al., 1995, Fig. 8; Speich 4085, Figs.8aand?9;
Dijkstra and Katsman, 1997). The only differeng¢hat, becausef the presentmodel s
mirror symmetry, the period here on both branches is subannual, like opgéebranch
in those models.The instability for those 1.5-layer and 2-layer modelsis essentially
baroclinic,and manifestsitself differently on the upper and lower solution branchesas
Rossby basin modes and resonant modes, respectively.

In those models,as well asthe presentone, the dipole s interaction with the
periodic changesn the downstreammeander sintensity and the associatedshedding,
mutual deformation,and subsequentnergerof eddiesis rich in details (e.g., Fig. 8b of
Speichet al., 1995). Someof thesedetailsresembleaspectsof Sheremetet al. s (1997)
second kind of recirculation-zonemode (their Fig. 12). This mode seemsto be
synchronizedhere with the subannual,larger-scalebehavior of resonant-modeype,

which is consistent with its relatively low frequency in the single-gyre models.
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b. Aperiodic solutions

Starting from a periodic solutioon the lower branchat BLR = 0.88, an aperiodic
solution wasobtainedby increasingBLR to 0.90 (seeFig. 1 again).Shownin Fig. 14ais
the 90-yearevolutionof TD and BKE for the latter solution; the first 30 yearsof the
evolutionareidenticalto those shownin Figs 1b and 1c, respectively.Both quantities
now oscillateaperiodically,as spellsof a shorter,subannuaperiod of 5—@months (see
Fig. 14b) alternatewith spellsof a longerinterannualperiod of 10—25nonths (seeFig.
14c). The subannuallimit cycle (seeFigs. 8 and 9) seemsto coexist with a new,
interannual limit cycle. The alternation between the two seedes sub-andinterannual,
occurs in turn on an interdecadalale:the two kinds of spells,sub-andinterannualJast
10—15/ears each. A similar type of even lower-frequencyvariability also appeared
during the transition to a chaotic circulation in a single-gyoelel (Berloff and Meacham,
1998).

[ Fig. 14 near here, please ]

The mearBKE is lower during the shorter-peri@pisodeshan during the longer-
period episodes (see lower panel of Riga). Suchspontaneousransitionsbetweentwo
types of solutionshavealsobeenfound in other studiesof the wind-driven circulation
(McCalpin and Haidvogel, 1996; Jiang and Gh897).1t canbe seenin the upper panel
of Fig. 14athat the normalizedtransport difference TD peaks intermittently at large
positive values during the longer-period episodes, whitenitainsmostly negativeduring

the shorter-period episodes. Note that the aperiodic solution in Fig. ldbteasedfrom
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a periodic solution bifurcatedoff the lower branch,whoseTD remainsnegativeover the
full cycle.

As the transition from a periodic solution to an aperiodic solutioatieerabrupt,
we further divided the BLR-interval between0.88 and 0.90 into 5 subintervalseachof
which corresponds to an increase in the wind stress by 0.02 dyfhdrom 2.0 dynecm
2 to 2.1 dyne cm? overall. The six solutions obtainedfor BLR = 0.880,0.884,0.888,
0.892,0.897 and 0.900 are projectedonto the (TD—BKE)plane in Figs. 15a—fThe
solution in Fig. 15a is the same one showfim 6d andin the lower half of Fig. 9a (the
largestand rightmostlimit cycle there).The solutionin Fig. 15f is the sameone whose
time evolution is shown in Fig. 14. The projections are baseathiy dataafter removing
the first 10 yearsof eachrun. The modelwas run for 20, 20, 20, 40, and 60 years
respectivelyfrom Fig. 15ato Fig. 15e, startingfrom the solution obtainedbeforewith a
smallerwind-stressvalue. The maximumTD value approachesero as the wind stress
increases, and it crosses the zero line vBidR= 0.892.

[Fig. 15 near here, please]

Time seriesof the BKE for BLR = 0.888,0.892,and 0.897 are shownin Figs.
16a—c. A careful examination of the time seri@eRt= 0.892 (Fig. 16b) revealsthat the
peak valuesin the high-energyphaseare slightly different, hencethe solution is not
exactly periodic. A slight further increagsethe wind stressfrom BLR = 0.892to BLR =
0.897 gives rise to a definitely aperiodic solution in Fig. 16c.

[Fig. 16 near here, please]

The transition to aperiodicity seems thus to be associated with the sublamitual

cycle that arisesby Hopf bifurcation from the lower branch touching the mirror-
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symmetric steady solution, which is unstable atBhiR value. The latter isharacterized
by TD = 0 and higlBKE values, as found by numericantinuationmethodsin 1.5-layer
shallow-water(Speichet al., 1995) and barotropicQG (Primeau,1998) models,and by
guasi-Newtonian methods in a barotropic QG model (Cessi and lerley, 199%hirfdre
symmetric portion of an approximately figure-eigtghapedrajectory,circling both the
upper and lower branchof steady solutions seemsto be rapidly establishedas BLR
increases from 0.892 through 0.897 to 0.900 (see Figs. 15d—f).

Figure 17 showsthe power spectraof the 4, time seriesfor BLR = 0.88, 0.888,
and 0.897. The spectra were calculated using Version 3.1 (see
http://www.atmos.ucla.edu/tca)f Dettingeret al. s (1995) Singular-SpectrunAnalysis
Toolkit. The dominant periods of oscillation at the thHBe® values are all subannuailnd
they increase from 148 days months in Fig. 17a to 182 day$ months in Figl7cas
the forcing increasesThe only other peakfor BLR = 0.88 is the first harmonicof the
dominant subannual period of 148 days, whose period equals 74 days (Fig. 17a).

[Fig. 17 near here, please]

A distinct peakemergesat 19 days, for BLR = 0.888.This peak persists,with exactly
the sameperiod, at BLR = 0.897.Plots of both ¢4 and ¢, for BLR valuesgreaterthan
0.88 all exhibit a small-amplitude oscillation T®-day period superimposean the main,
subannual-scale oscillation (not shown).

The peak at 19 days thus behavesdifferently from the subannualone in its
parameter dependence: The periodhefformer staysfixed as BLR increaseswhile that

of the latter increases.Théwo oscillatory modesare probably due, therefore,to two
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distinct physicalmechanismAs we shall see,the mechanisnof the 19-day oscillation
appears to be closely related to a Rossby basin mode.

Sheremet etl. (1997) haveshown,in their single-gyremodel, that the frequency
of the model sforced, viscousbasinmodesis very closeto that of free, linear Rossby
basinmodes.Moreover,the spatial patternsof the former are just linear combinationof
the degenerat@airs of eigenvectorof the latter. The dispersionrelation of our basin s
free Rossby modes is given by

0 = 0.3 [(ITvL,)%+(mmuL,)q 2, 9)
wherel andm denotethe horizontalmodenumbersin the zonaland meridionaldirection
respectively. With = 2,m= 1 andL, = L, = 2560km, the period of the corresponding
free basinmodeis 20 days,which is very closeto the 19-day peak.This coincidenceis
supportedfurther by the 19-day mode sspatio-temporapattern,whosestudy we take
up in Sec. 5b.

For the aperiodicsolution at BLR = 0.897 (Fig. 17c¢), the dominant subannual
peak,aswell asthe smallerpeakat 19 days, are broaderthan thosein the spectrafor
periodic or nearly periodic solutionsBitR = 0.888 and 0.892 (Figs. 17a, B}. the same
time, the continuous spectral backgrowtdow frequenciehasincreasednorethan 100
times above the level recorded in the two preceding panels.

The spectral content of the transport time series increds$ewer frequenciedy
another two ordersf magnitudefor BLR = 0.90 (Fig. 18a).Only a spectralpeakwith a
near-annuaperiod (384 days) is obtained(Fig. 18a) for all 90 yearsof data. Spectral
analysisof the 4 time seriesduring a high-energyepisode(from year 46 to year 63 in

Fig. 14) and a low-energy episode (from year 33 to year 45 in Fig. 14), however,
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separates aear-annua(Fig. 18b) from the subannualFig. 18c) peakandenhancegach
peakseparatelyThe 19-daypeakis much sharperin the low-energythan in the high-
energy episode, due to the Rossby basin mode s small amplitude.

[Fig. 18 near here, please]

Instantaneous snapshots of gteeamfunction-fieldevolutionfor BLR = 0.90 are
shownin Fig. 19 at six selecteddays during the longer-periodepisodebetweenday
21,728( 2year60.35in Fig. 14a) andday 22,340( @ year 62.05in Fig. 14a). The six
snapshots correspond to the high- (Figs. 19a and 19d) and low-éReygyi 9c and 19f)
states, and positivéb (Fig. 19b) and negativéb (Fig. 19e) states thatccurduring this
episode; the extreme-energy phaskavolve very low valuesof |[TD|. The evolution of
the streamfunction field during the short-period episodes (not showimpilar to that of
the purely periodic solutions illustrated in Fig. 10.

[Fig. 19 near here, please]

The high-energystatesof panels(a) and (d) are characterizedby a strong and
nearly antisymmetricrecirculationdipole, long penetrationscaleof the zonal jet, weak
downstream meandering and no eddy generatiba.stateswith the highestasymmetry,
whether having positive (panel by negative(panele) TD values,are characterizedy a
short penetration scalsfrongmeanderingand substantiakeddy generationThesestates
occur betweenthe previously mentionedhigh-energystatesof either TD-sign and the
corresponding low-energy states (panels cfartdat havethe samesign but a low value
of TD. Both extremeTD states,the positive- and negative-signones, are nearly mirror-

symmetric with respectto eachother, and so are the high- and low-energy states.
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Essentially the whole evolution from day 4#ilday 612 mirrors the evolutionfrom day
0 to day 165.

The solutiontrajectory canvisit a numberof timesin successiorhigh- and low-
energystateswith the samesign of TD, eachtime visiting a high{TD| stateof the same
signin-between.The transitionfrom a high-TD stateof onesignto that of anothersign
alwaysoccursthrougha high-energystate with near-zeroTD. The aperiodicsolution s
sequence of phases is entirely consistent with the hypothetical pressarbgin phase-
parameter space of a figure-eightnirror-symmetrichomoclinicorbit. This orbit occurs
for a BLR value between0.897 and 0.900, and passesthrough the unstable mirror-
symmetric steady solution.

It appearsthat the unstable antisymmetric steady solution, along with the
likewise unstable asymmetric steady solutiand the subannual-scalperiodic solutions
are all imprinted on the aperiodic solution. It is the interaction of these solutions
belongingto the different brancheghat probably causeghe interannualandinterdecadal

variability of the system.

5. Concluding remarks

a. Jummary

We have studieduccessivaifurcationsin a barotropicmodel of the double-gyre
ocean circulation. Thenodelflow is driven by meridionally symmetricand steadyzonal

wind stress in a rectangular basin and dissipbyetateralfriction asthe Rossbynumber
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R is beingvaried,while keepingthe horizontal EkmannumberE, fixed (seeFig. 1). The
bifurcation parameterchosenis the ratio BLR = ¢, /d,, betweenthe inertial and viscous
boundary-layer widths, and?,,. This ratio increasewith the forcing and decreasesvith
the lateral dissipation [see Egs. (5, 6)].

Our mainresultsconcernthe generatiorof the free, internal variability in sucha
highly idealized model of the midlatitude ocean. This variability arises in
phaseparameter space by both local Hopf bifurcation glathal, homoclinic bifurcation;
it encompasses subannual, as well as interannual and interdecadal time scales.

The nonlinear character of tflew canbe measuredy the ratio NR betweenthe
maximum transport in the stronger ondlod two gyresandthe linearly forced Sverdrup
transport[see Egs. (8a, b)]. As long as this ratio is closeto unity (NR < 1.58), an
antisymmetric counter-rotatingdouble-gyrecirculation characterizeshe flow field. The
transport of both the subtropicahd subpolarsub-gyresncreaseat the samerate asthe
forcing increasesThe westernboundarycurrentsof the two gyres merge, after their
separation fronthe boundary,to form an eastwardet. This jet becomesstrongerasthe
forcing increases, but keeps running along the mid-basin s symmetry axis (see Figs. 2a, b).

Multiple equilibria that break the model s mirror symmetry arise at moderate
valuesof the Rossby numberthrougha pitchfork bifurcation (at BLR = 0.635). The
asymmetricsolutions come in pairs, with either solution in a pair being the mirror-
symmetricimageof the other.In eachsuch solution, the eastwardjet meandersoff the
symmetry axis andtakesthe form of a spatially dampedstationarywave (seeFig. 3).
Within this moderatelynonlinearmultiple-equilibriaregime(1.74< NR < 1.86),a strong

recirculation vortex forms within each gyre; ttvéo counter-rotatingzorticesconstitutea

40



dipole close to the domain s westdraundary(seeFigs. 2c, d). The strongerof the two
recirculating vortices pulls the weaker one to become morenaneelongatedaroundthe
stronger one as the forcing increases. This results amgotification of the eastwardet s
meandeimmediatelydownstreanof the dipole. The transportof the moreintensegyre
increasessthe forcing increaseswhile the transportof the weakerone remainsnearly
the same. Hence the normalized transport differ&bcbetweerthe two gyresd which
is zero for the mirror-symmetric solution branch at low forcihdbecomesionzero,with
opposite signdor the two stablebrancheof the pitchfork bifurcation (seeFigs. 1b and
4).

As the forcing is further increased,eachof the two steady solution branches
undergoesa supercriticalHopf bifurcation, at BLR 2 0.80 (see Fig. 4). These two
bifurcationsgive rise to mirror-symmetricbranchesf oscillatory solutions (seeFig. 5).
The subannual periods of these solutiomtseaseasthe forcing increasesrom about3.5
to about5 months(seeFig. 6), and the characterof the oscillationsbecomesmore and
more nonlinear (1.98 NR< 2.21). The oscillation s nonlinearity is of the relaxatigpe:
the length of time for the strongergyreto wind-up increasesonsiderablyfaster with
the forcing than the time for the wind-down or relaxation phase (see Fig. 7).

The relaxationphaseis also characterizedy relatively rapid shorteningof the
eastward jetthe axis throughthe two centersof the recirculationdipole tilts away from
the N-S direction,the amplitude of downstreammeanderingncreasesand so doesthe
associated secondary-eddy generatiyn.contrast,the slow build-up in intensity of the
strongergyre and recirculationvortex within it is characterizedy the merging of the

secondaryeddiesinto the gradually strongerand more nearly mirror-symmetric main
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vorticity concentration®f the dipole. This, in turn, leadsto a straighteningand greater
eastward extension of the jet (see Hi@). As the forcing increasesthe strengthandsize
of the secondary eddi@screasestoo; consequentlythe processof absorbingtheseinto
the two main recirculating vortices of opposite vorticity increasesand resultsin an
increase in the oscillation period.

At the nextstepin climbing the successive-bifurcatiortree, aperiodicflows
arise(in the range0.88 < BLR < 0.90; seeagainFigs. 1 and 15). Theseflows display a
numberof additional features,besidesthe subannuabperiodicity just described A new
period, of 19 days, appearsl] througha secondaryHopf bifurcationJ andis quite
stableasthe forcing increasedurther, while the subannualperiod increasesven more,
from about 5 to about 6 months (d€g. 17). To identify the natureandlocation of the
secondaryHopf bifurcationwe plotted ¢4 asa function of time for the final five years
eachof the runs at BLR = 0.83, 0.88, 0.888, and 0.897 (not shown). The 19-day
oscillationsbecomevisible at BLR = 0.88 and are successivelystrongerat BLR = 0.888
and 0.897. The secondaropf bifurcationis thus also supercriticalandlocatedroughly
at BLR = 0.85, but doesnot seemto play a major role in giving rise to the aperiodic
behavior.

The transitionto aperiodicityinvolvesthe increasen size and elongationof the
subannualimit cycle (seeFigs.9 and 15) until the transportdifference TD vanishesat
oneextremeof the cycle. This correspondsapparentlyin the model s phase-parameter
space to transition through a homoclinic, structurally unstable orbittmatectshe two
mirror-symmetric limit cycle$] eachof which arisesfrom and circlesaroundone of the

two previously stablesteady-solutiorbranchesf the pitchfork bifurcation. Thesetwo
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coexistinglimit cycles thus touch each other via the unstable,self-symmetricsteady
branch characterized @p = 0.

In the flow field s physical space,this transition correspondgo solutionsthat
alternatebetweena strongersubpolarand a strongersubtropicalgyre, via phasesduring
which the two gyresare nearly equalin strengthand the recirculationdipole is nearly
mirror-symmetric. The lattephasesare attainedbecausehe oscillationamplitudeof the
weakergyre is largerthanthat of the gyrethat is, on average stronger.This amplitude
becomes even larger #e forcing increasesand so doesthe averagestrength,which has
the opposite sign, ahe strongergyre. Eventuallythe two oscillations oppositephases
[0 of algebraicallyhighestand lowest TD [0 becomenearly identical and permit the
flow s transition from one sign @D to the other.

The fully aperiodic flowexhibitstwo new types of low-frequencyvariability, on
the interannualandinterdecadakcale,in additionto the subannuabscillationsthat lose
their exactly periodic characterThe interannualoscillationshavea period of about 1-2
yearsandare more energetichan the subannuabneswith their now broadenegeak of
5-6 months. The aperiodic solutions are characterizeahliyegular alternationbetween
the high-energyepisodeswith an interannualscale of variability and the low-energy
episodedominatedby subannualariability; the latter are accompaniedy a stronger,
but still fairly small-amplitudel9-day oscillation (seeFig. 14). The associatedvalues of
NR are about 2.8 for thiew-energyepisodesandabout3.7 for the high-energyepisodes
(not shown).

The irregular transitionsbetweenthe two types of episodesintroducean even

lower-frequencyvariability, with a characteristidime scaleof 10-15 years.As a result,
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the low-frequencyspectralpower is substantiallyincreasedn the aperiodicsolutions,
though the subannualpeak is still recognizable(see Figs. 17 and 18). During the
interannual-scaleoscillations, the trajectory starting near one branch visits the
neighborhood of the other branch irregularly, thus generating an approximately
heteroclinicorbit which shadows the homoclinic orbit throughwhich the periodicity

was lost.

b. Discussion

The highly idealized model of theind-driven, double-gyrecirculationwe studied
herein has produceda rich array of spatio-temporalariability, as summarizedin the
previous subsection.The interpretationof this variability in terms of earlier model
results, on th@ne hand,andof the existingoceanographiobservationspn the other,in

the object of the present subsection.

1) MODES OF TEMPORAL VARIABILITY

In the increasing ordeaf time scale,we havefound 19-dayvariability, subannual
variability at 3.5-6 months,interannualvariability at 10-25 months, and interdecadal
variability at 16-15 years. The period of the subannual variability increasése forcing
increases, and so does thielth of the associatedpectralpeak.The interannualandthe
interdecadal variability arise as broad-band features ifirdteplace,ratherthanassharp

peaks.
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Of thesefour modesof variability, the onethat is most importantin our model
andbestunderstoods the subannuamode. It arisesby supercriticalHopf bifurcation
(seealsoJianget al., 1995; Dijkstra and Katsman,1997) from either one of the mirror-
symmetric steady solution branches.The physical mechanismof this bifurcation is a
double-gyre, asymmetric version tbfe resonancdetweena Rossbybasinmodeandthe
recirculationdipole found by Sheremetet al. (1997) in a single-gyrebarotropic model.
This resonantmode seemsto be synchronizedin our model with a recirculation-zone
mode. The common period of these two moddsrigerthan that of either Rossbybasin
modes or wall-trapped modes. The sharp and stable pealdayd® apparentlydueto
a Rossby basin mode.

Our physical explanationof the subannualmode is supportedby the spatial
patternof the instability in the presentmodel (Figs. 10—12)as well asin the reduced-
gravity, shallow-water model of Jiang et al. (1995) and Speich et al. (1995). The
explanation of the high-frequency peak is supported by the calculated pea®pecific
large-scale basin mode, 20 days vs. 19 days [see Eq. (9)].

To examine more closely these identifications, we carried out an empirical
orthogonalfunction (EOF) analysisof the streamfunctiorfield at BLR = 0.88 (Fig. 20)
andBLR = 0.888 (Fig. 21). The datafor the EOF analysisat both BLR value are the
respective streamfunction fieldstakento repeatthe subannuabscillationfour timesae
while the samplinginterval is 2 days, to resolvethe 19-day oscillation. The two leading
principal componentsat both BLR values (not shown) are clearly dominatedby the

corresponding subannual period of roughly 5 months (see Figsh)l 7dae 19-day mode
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is absentfrom the 6 leading principal componentsat BLR = 0.88, while it dominates
principal components 3 and 4BitR = 0.888.

[Fig. 20 and 21 near here, please]

The spatial patterns of the leading two EOFRBLAR = 0.88 appear in Figs. 20k,
They agree rathewxell with the main featuresof Figs. 10—12ereandthe corresponding
figuresin the Jianget al. and Speichet al. papers.Thesefeaturesare most pronounced
near the recirculation vortices and decay away from thearcircular wave-frontpattern,
as suggested by Fig. 10 of Sheremet et al. (1997). The first two EOFs atteettws in-
guadrature phases tife resonanimode,andareresponsibleor the dominantsubannual
variability.

EOFs 3 and 4 at BLR = 0.888 capturesthe spatial featuresof the 19-day
oscillationandareshownin Figs. 21a,b. They accountfor 21% of the total varianceat
this BLR value,while EOFs1 and 2 accountfor 45%. At BLR = 0.88, EOFs 1 and 2
(shown in Fig. 20) accounts for 62% of the variance, while the 19-day oscillanbsest
(see above). We do not show EOFs 1 andBLB= 0.888, since they are visuaymost
indistinguishable from the onesBitR = 0.88.

Like EOFs 1 and 2 in Fig. 2&OFs 3 and4 in Fig. 21 representwo phasesof a
basin-wide oscillation. This oscillation diffefilom a Rossbybasinmodein water at rest
by a moderate distortion near the recirculatigpole. Otherwiseits zonaland meridional
wavenumbers agree overall with the valle2, m= 1 used in Eq(9) to computeits 20-
day period, as well as the already-mentioned distortion would allow one to expect.

The interannualand interdecadalvariability in our model arises from purely

nonlinear mechanismsthat involve interactions between the simpler oscillatory
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mechanismspn the one hand, and betweenthe model s heretofore distinct solution
branches, on the other hand. This greater complexity of the solution s behaviotiinethe
domainalsoentailsgreaterspatial complexity of the solutions. The latter is consistent
with the greaterspatio-temporalcomplexity of multi-layer model solutions at higher

Reynolds numbers, as described by Berloff and McWilliams (1999a).

2) MODEL REALISM

The wind-driven circulation of the major ocean basins contains typically a
subtropical gyre that greatly exceeds in size and strength the subpolartggreituation
has inspired recent work on two types of idealized modsisgle-gyremodelsstudy the
subtropicalgyre only (lerley and Sheremet,1995; Meachamand Berloff, 1997a, b;
Sheremet et al., 1997), while double-gyre modalsly a subtropicalanda subpolargyre
of equal or nearly equaltrength(Cessiandlerley, 1995; Jianget al., 1995; Speichet al.,
1995).Both of theselines of work have usedso far mostly rectangularbasinsand the
correspondinglyidealized wind-stressprofiles. Their results are thus both likely to
provide physicalmechanismshat will help explainthe real asymmetricsituation.In a
sense, the two types of models bracket the ocean basins real circulation.

From this perspective, it is important that our model s subannual variadnilstys
from the samekind of resonanceéetweenits recirculationdipole and a Rossby basin
modeasin the single-gyremodels(Sheremett al., 1997). The subtropicalrecirculation
vortex is a commonfeatureof both types of models,aswell asof the observationsand
GCM simulations. Sas the major meandeidownstreanof this vortex. The eastwardet

and its meanderinghowever, are not restrictedin the presentmodel by the basin s
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northern boundary. Their variability, therefore, is expettede somewhaimorerealistic
than in the single-gyre models, where it is thus restricted.

Although the wind forcing used in the present study is symmetric, an
antisymmetriccirculation with two equal-strengtrgyresis only maintainedfor BLR <
0.62. For larger BLR values the stable solutions, whether steady or periodic, are
asymmetric and characterizedby a spatially damped wave downstream of the
recirculationvortices. Observationsin the confluencezone of two westernboundary
currents confirm thexistenceof sucha nearly stationarywave eastof the separatiorof
the currents from the boundaiip, both the North (Chaoet al., 1996; Lee and Cornillon,
1996) and South (Olson et al., 1988) Atlantic. The stationaye samplitudedecreases
downstream of theecirculationdipole in our purely barotropic,flat-bottomedmaodel.In
the real ocean, however, bottom topography can increaserpiudedownstreamle.g.,
Mizuno and White, 1983) and so can the changein characterof the flow, from
predominantly baroclinic near the coast to predominantly barotropic in mid-ocean.

The subannualbscillation found in the presentidealizedmodel has a period of
3.5-6 months,which increaseswith the forcing. It arisesat a value of the nonlinear
transportratio NR = 1.90, andit persistsinto the aperiodic-flowregime during its low-
energy episodes,when NR = 2.80. The latter value of NR agreesroughly with the
observationalfinding of the Gulf-Stream transport exceedingthe basin s Sverdrup
transport by a factor of about 3 (Halkin and Rossby, 1985; Hall, 1986). Le€anilon
(1996) and Ide et al. (1997) found subannualperiodsin the meanderingof the Gulf

Stream.J. Brook (abstract,Ocean Stience Mtg., SanDiego, 1998)and T. N. Lee and
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colleagues (abstragdcean Science Mtg., San Diego, 1998) aldound 3-monthperiodsin
two different sections of the Kuroshio.

The largestvalue of BLR = ¢, /&, exploredin this study is 0.9, at which our
model s double-gyre circulation becomesaperiodic. In the real ocean, the inertial
boundary-layemwidth ¢ is aslarge as or largerthan d, the frictional (or Munk) layer
width. Hence, our model results are consistentwith the real oceancirculation being
aperiodic in time and fairly complex in its spatial structure. The models sthedretbfore
haveexhibitedfurther spatio-temporatomplexity asthe numberof layers(Dijkstra and
Katsman,1997) or vertical modes(Ghil et al., 1999) was increased,the horizontal
resolution decreased (Berloff and McWilliams, 1999a; Ghil et al., 1999), arkeyrolds
numberincreasedBerloff and McWilliams, 1999a).Eachone of these changesin the
direction of greater realism permits additiomadtabilitiesto ariseandinteractwith those
capturedby our model. The interactionsbetweentheseinstabilities and the degreeof
nonlinearity increase, in particular, when using lower vabfdateraleddy viscosity, i.e.,
higher Reynolds numbers (Berloff and McWilliams, 1999a).

The main objective of the present study was, however, to exdraiméhe crucial
feature ofaperiodicityemergedrom a nearlylinear, steady,double-gyrecirculation. The
mechanisnof transitionto aperiodicitydescribedhereindependsn an essentialvay on
the presenceof two counter-rotatinggyres and is thus quite different from the
mechanismgdescribedin considerabledetail in the single-gyre work of Berloff and
Meacham (1997, 1998Durs might thus be morerelevantto large oceanbasinsin either

hemisphere, while theirs could be relevant to smaller enclosed basins, like the Black Sea.

49



We are thus left with two questions. First, what determines in fagyrametric
coexistence of a strongsubtropicalwith a weakersubpolargyre in the oceansSecond,
which ones of the physical mechanisms found in sireyeldouble-gyremodelsare most
relevant to the variability of the actual wind-driven circulation? Clearly, realistic
bathymetry and wind-stress profiles playnajorrole in answeringthesetwo questions.
A numberof recentsimulations have used model and forcing configurationsthat are
intermediatebetweenthoseof afull GCM and the highly idealized,rectangular-domain
models so far (Simonnet, 1998; Dijkstra and Molemaker, 1999).

In the already-mentionedcompanion paper by the present authors (in
preparation; see Sec. 2a), weplorea still idealizeddouble-gyremodelwith asymmetric
geometry. A small rectangulabight of smallerdepth, setinto the westernboundaryof
the flat-bottomedpenocean,s meantto modelthe effect of the EastChina Seaon the
evolution of the Kuroshio. The suctionof this bight causesan earlierdetachmenbf the
northwardboundarycurrentpastit, and thus perturbsthe pitchfork bifurcation of the
steadystatesin the presentversion of the model (Fig. 4 here).This is but one of the
future studiesrequiredto checkwhetherthe transitionto aperiodicvariability found in
the present study is robust to boundary conditions, domain and faamfiguration,and
the vertical stratification of the ocean.

In our double-gyre, mirror-symmetric model, theriodic and steadysolutionson
different branchesjncluding unstableones, collide and interact. This givesrise to new
low-frequency, highly energetic, interannual variabilltyterannualperiodsin sea-surface
temperature havbeenobservedn both the North Atlantic and North Pacific (Speichet

al., 1995; Moron et al., 1998). In our model, the irregular alternation ciutb@nnualand

50



the interannualvariability resultsin a major increaseof broad-bandspectral power at
interdecadal and lower frequencies.

Earlier explanationsof interannualand interdecadalvariability in the North
Atlantic and North Pacific have emphasizedcoupled ocean-atmosphermodes. These
modesin turn haveinvolved either the ocean swind-driven (Latif and Barnett, 1994;
Robertson,1996) or its thermohaline(Delworth et al., 1993; Chen and Ghil, 1996)
circulation.We do not meanto imply that thesecoupledmodeshave no relevanceto a
satisfactoryexplanationof the observedvariability. The presentresults 0] along with
thoseof earlierwork cited at lengthin Sec.1 and going back to that of Veronis (1963,
1966)[0 merely suggedhat intrinsic variability of the mid-latitudeoceans wind-driven

circulation should be given full consideration in finding such an explanation.
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Table 1. Model parameters.

Parameter Value

Coriolis parameter,

f=f+By fo = 9.3744107°s™ (40° N)
B =210 mis?t

Viscosity coefficient A, = 5000 m3s*

Ocean depth H=400m

Domain extent Ly =L, = 2560 km

Grid resolution Ax= Ay = 20 km

Time step At = 40 min
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Figure Captions

Fig. 1.

A sequence of time series of: (a) nonlinear transportN&idefinedby Eq. (8) in
the text; (b) normalized transport differerid® definedby Eg. (7) in the text; (c)
basin kinetic energBKE; (d) nondimensionaimaximumtransportof the subpolar
gyre; and (e) nondimensional maximum transport oftitgropicalgyre. The five
panelsin the figure are basedon 11 consecutivenumerical experiments;the
beginning and endf eachexperimentare markedby dottedlines on top of panel
(a) andthe valuesof BLR = & /dy for eachexperimentare shown betweenthe

corresponding dotted lines.

Fig. 2. Contourplots of streamfunctiorfields typical of steady-statesolutions;(a) and

Fig. 3.

Fig. 4.

(b) for antisymmetric solutions at (BL.R = 0.52, and (bBLR = 0.62;and(c) and
(d) for asymmetric solutions with pairwiseirror symmetryat BLR = 0.79, with
(c) on the lower branch and (d) on thpper branch.Hereandin all the following
streamfunctiomplots, threenumeralsat the top right of eachsnapshotdenote,in
Sverdrupunits (1 Sv = 10° m® s%), the dimensionalminimum and maximum -
value forthe contourlines, andthe contourinterval. Solid and dashedines stand
for positive and negative values, respectively.

Zero-streamlinecontoursfor five steady asymmetric solutions on the lower
branch.The meander®astof the recirculationgyresincreasen amplitudeas the
forcing is increased, while the wavelength remains the same.

Bifurcation diagram (heavy solid curves) based@®@nrvalues as a function &LR,
fitted by the least-squaremethod to the points obtained numerically (open

circles). Maximum and minimum values of TD are plotted for the periodic
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solutions that arise &_R20.80. Aperiodic solutions that arise BItR = 0.900n
both branches are not shown.

Fig. 5. Evolution in time of a periodic solution on the lower (solid lines) and upper
(dottedlines) branchesat BLR = 0.79. Plots of (a) basinkinetic energyBKE; (b)
maximumtransportof the subpolargyre |(4o|; and(c) maximumtransportof the
subtropical gyrel,.

Fig. 6. Anomalies of the maximum subpolar transport || (solid line), maximum
subtropical transpow, (dashed line)andbasinkinetic energyBKE (dotted line)
for four periodic solutionson the lower branch.The anomaliesare definedasthe
differencebetweenthe instantaneouwsaluesof a variableand its meanover the
period; they are plotted at (BL.R = 0.81, (b)BLR = 0.83,(c) BLR = 0.86,and (d)
BLR = 0.88 for one year after the system reaches an exactly pes@dtmon. The
units on the ordinateare Sv for gyre transportsand 10 x m? s for BKE, and T
denotes the period of the oscillation.

Fig. 7. The length of time over which the subpolar-gyretransport |(4,| reachesits
maximumvalue from the minimum (solid line), andthe minimum value from the
maximum(dottedline) asa function of BLR. The 4 heavydots indicate the data
points for the 4 lower-branch periodic solutions shown in Fig. 6.

Fig. 8. Detailedevolutionof a periodic solutionjust beforetransitionto aperiodicity, at
BLR = 0.88. (a) Time series of the subpolar-gyre transpfdl,(heavy solidine),
the subtropical-gyretransport (4, dashed line), the basin kinetic energy
(0.1xBKE, dotted line), and thiansportratio (L00xITDL], light solid line). This

panel is essentially the same as Fig. 6d, except that the curve for TD

62



(nondimensional) has been addaddthat total values,ratherthan anomaliesare
plotted. Maximum and minimum valuesfor eachquantity are markedby filled
symbols(l for |¢|, N for ¢4, s for BKE, andH for 100<JTDL) and open
symbols respectively. (b) Evolution of the trajectory projected omphiaseplane
definedby 100xTD (y-axis) and BKE (x-axis) for onefull period. The epochsat
which the four scalarquantitiesreachtheir maximum and minimum values are
markedby the samesymbolsas thoseusedin Fig. 8a. Note that the absolute
values100x|TD| areplotted in Fig. 8ato fit into the sameplot as the transport,
while 100<TD vs.BKE is plotted in this panelD is negative for solutionsn the
lower branch, like the one illustrated here. Filled and open amewstethe rapid
increase iMTD (HK in panel a) and the slowdecreasén TD (KH in panela),
respectively. (c) Evolution of the trajectory over one full period, projectedamow
the phase plane defined fay,| (y-axis) and ¢4 (x-axis); samesymbolsasusedin
panels (a) and (b). Filled and open arrows denote the rapid decr@gagsg(Inm

in Fig. 8a) and the slow build-up [fi,| (ml in Fig. 8a), respectively;notethat
the ,-axis in panel (c) is stretched with respect toghgaxis.

Fig. 9. Limit cyclesfor four periodic solutionson both branchesthey correspondo the
BLR valuesusedin Figs. 6 and 7. The two projectionsare on the phaseplane
defined by (a)lD (y-axis) vs.BKE (x-axis); and (b)¢y| (y-axis) vs.yk (x-axis). As
BLR increasesthe trajectoriesbecomemore and more elongated.The elongated
end tends towardED = 0 in panel(a) andtowardsthe diagonalin panel(b); the
largesttransportvalue for the weakergyre thus becomescloserto the smallest

transport for the stronger gyre as the forcing increases, on both branches.

63



Fig. 10. (ag) Snapshots of the streamfunction field during one full period (110 dags) of
periodic solution on the lower branch at BLR= 0.83; and (h) the mean
streamfunctiorfor this solution. The timing of eachsnapshotis indicatedin the
legend of the corresponding parttle reasondor the selectionof thesetimesare
given in the text.

Fig. 11. (a—g) Streamfunctioranomaliesat eachstagein Figs. 10 a—g; and (h) the mean
streamfunction (same as Fig. 10h).

Fig. 12. NEESW propagation of streamfunction anomalies in the periodic solafifings.
10 and 11. (a) Time-space plot of streamfunction anomalies #ieripe segment
PQ in Fig. 11afor oneyear;and (b) meanstreamfunctionalong line. The mesh
sizeA | along the linePQ equals approximately 28.3 kandthe distancebetween
the two extreme points is DI.

Fig. 13. Streamfunctiorfield at the time of minimum kinetic energy for two periodic
solutions on the lower branch at )R = 0.83, and (bBLR = 0.88.

Fig. 14. Basin kinetic energy BKE and the normalizedtransport difference TD as a
function of time for an aperiodic solution on the lower branch: (ajh®entire 90
years,(b) for 10 yearsof a short-periodepisode,and(c) for 10 yearsof a long-

period episode.

Fig. 15.Model trajectory projectedon the phaseplanedefinedby TD (y—axisand BKE
(x—axis) for four periodic solutions {d) antivo aperiodicsolutions(e-f) on the
lower branch. The correspondiBgR values are given in the legend of each panel.

Fig. 16. Basinkinetic energyBKE asa function of time for threesolutionsat (a) BLR =

0.888, (b)BLR = 0.892, and (cBLR = 0.897.
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Fig. 17. Maximum-entropyspectraof the ¢4 time seriesat (a) BLR= 0.88, (b) BLR=
0.888, and (cBLR = 0.897. The spectrare calculatedbasedon daily valuesafter
removing 10 yearsof the initial transientstage.The serieswere prefiltered by
projection onto the leading principal components of each sesirggular-spectrum
analysis.The prefiltering usedthe 4 leadingprincipal componentsn (a) and (b),
and 8 componentsn (c). The order of the method (numberof lags)is 50. The
dominant periods of oscillations are marked.

Fig. 18. Maximum-entropy spectra thfe ¢4 time seriesof the aperiodicsolutionin Fig.
14 for (a) all 90 yearsof data,(b) dataduring the high-energyepisodethat lasts
from year 46 to year 63, and (@xtaduring the low-energyepisodefrom year 33
to year 45. The spectra are calculated based on data sawphydwo days after
removing theinitial 10 yearsfor (a), andbasedon daily datafor (b) and(c). The
order of the methodis 50, and the prefiltering used the 8 leading principal
components.

Fig. 19. Streamfunction-fieldsnapshotdakenduring a long-periodepisodethat lasts for
612 days: (a) and (d) high-energystates; (c) and (f) low-energy states; (b)
positive-TD and (e) negativeTD states. The episodeillustrated here occurred
between year 60.35 (day 21,728) and year 62.05 (day 22,340) in Fig. 14.

Fig. 20. The two leadingempirical orthogonalfunctions (EOFs) of the streamfunction
field at BLR = 0.88.Panels(a) and (b) illustratetwo phasesn quadratureof the
subannualbscillation that dominatesthe variability at this value of the forcing.
Their spatial pattern suggeststhat the oscillation s physical mechanismis a

resonance between the model s recirculation dipole and a Rossby basin mode.
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Fig. 21. EOFs 3 and 4 of the streamfunctionfield at BLR = 0.888. Panels(a) and (b)
illustrate two phasesin quadratureof the 19-day oscillation that accountsfor
about 20% of the varianceat this value of the forcing. Their spatial pattern
suggests that the oscillation s physical mechanssenRossbybasinmodethat is

distorted by the presence of the recirculation dipole.
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