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Abstract

Interannualvariability of the circulationin the NortheastPaci�c Oceanis ex-

ploredthrougha joint analysisof expendablebathythermograph(XBT) data,satel-

lite altimetry, andoutputfrom a modelthatwasconstrainedby oceandata. XBT

temperaturepro�les with high spatialresolutionareavailablein theeasternNorth

Paci�c along two repeatedtransects.Theseship tracks,alongwith the coastof

North America,de�ne a closed“box” which canbe usedto studythe time-mean

circulation and its variability on interannualtime scales. Geostrophicvelocities

from XBT dataare comparedwith geostrophicvelocitiesfrom model output as

well as the full model velocity �elds. Correlationsin variability on interannual

time scalesbetweentransportin thesubpolargyreandin thesubtropicalgyreare

presentin bothmodeloutputanddata.Thenatureof thevariability, andits relation

to thechangesof thestrengthof theNorth Paci�c Current(NPC),which supplies

thewaterfor both gyres,areexplored. Interannualvariability in gyre transportis

foundto berelatedtoboththebifurcationof theNPC,resultingin ananticorrelation

in transportbetweenthetwo gyres,andto variationsin NPCstrength,resultingin

simultaneouschangesin thetwo gyres.Thedominantsignalis foundto bea long-

termincreasein theNPC,which resultsin a strengtheningof thesubtropicalgyre.

A correlationis alsofoundbetweenchangesin thebifurcationof theNPCandthe

El Niño/SouthernOscillation(ENSO)phenomenon.
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Fig. 1

1. Intr oduction

Thepresentwork investigatesthemeanstateandinterannualvariability of thecirculationof the

easternNorth Paci�c. As shown schematicallyin Figure1, theeastward-�owing North Paci�c

Current(NPC)suppliessourcewaterfor boththesubpolargyreandthesubtropicalgyre. The

Gulf of AlaskaandtheCaliforniaCurrentregionarebothimportantupwellingzoneswith high

productivity. A descriptionof the large-scalecirculationof the northeastPaci�c region is an

importantsteptowardunderstandingthebiologicallyandeconomicallyimportantelementsthat

areimbeddedin it.

Historically, coastalprocessesandtheir impactson economicallyimportant�sheries have

beenthe focusof muchresearchin the NortheastPaci�c (Royer1998;Hickey 1998;Chelton

et al. 1982). For example,the collapseof theCalifornia sardine�shery in the1940sresulted

in theestablishmentof theCaliforniaCooperative OceanicFisheriesInvestigations(CalCOFI)

program(Bograd and Lynn 2003). This projectnow providesoneof the longestcontinuous

oceanographictime-seriesavailable.Otherresearchin theregionfocusesonthePaci�c Decadal

Oscillation(PDO),alarge-scaleclimatephenomenonaffectingmuchof theNorthPaci�c Ocean

(Mantuaet al. 1997). Onemotivationfor thestudyof thePDOwasthecovariability between

salmoncatchesin Alaskaandthosein WashingtonandOregon.

Most previous in situ studiesin this region consistof individual hydrographictransectsor

short-termsurveys which provide synopticviews of the large-scalecirculation (Reed1984;

Musgraveet al. 1992). Thesestudiesprovide very little informationon long-termvariability.

TheCalCOFIdatasetdescribedabovehaslong temporalextent,but its spatialcoverageis lim-

ited. Anotherlong time seriesof in situ datain this region is a hydrographicline of 13 stations

from British Columbiato OceanStationPapa(locatedat 50� N, 145� W), known asLine P,
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which hasbeenoccupiedregularly since1959. Thesedatahave beenusedfor a variety of

studiesfrom short-termobservationsof El Niño effects(Freeland2002)to 25-yearanalysesof

dynamicheightvariability (Tabataet al. 1986). Like CalCOFI,thespatialextentof Line P is

smallrelative to thetwo-gyresystemconsideredhere.

In anotablestudyonlong-termvariability in thenortheastPaci�c, CheltonandDavis(1982)

examinedcoastalsealevelandobservedacoherentriseandfall oninterannualtimescalesalong

thefull NorthAmericancoast.This ledtheauthorsto hypothesize“a quasi-permanenttransport

of theWestWind Drift in thecentralNorthPaci�c whichbifurcatesin theeasternNorthPaci�c

eitherwith mostof thetransportturningnorthwardor mostof thetransportturningsouthward”

asapossiblemodeof long-termvariability in this region. Thisconceptis representedschemat-

ically in Figure2(a): theinput throughtheNorthPaci�c Currentis constant,but thebifurcation

of thetransportvarieson interannualtime scales.Otherpossiblemodesof variability arealso

presented.In Figure2(b), variability in the two gyres(andthereforeacrosstheXBT lines) is

a direct resultof variability in thesourcewatersin theNPC.Changesin thevolumeof source

wateraresplit proportionatelybetweenthetwo gyres;thebifurcationdoesnot change.In Fig-

ure 2(c), in the upperlayer, transportinto the region differs from transportout of the region.

In this case,theupper-layervolumechangeson interannualtimescales,asnetvolumeis either

storedin theboxor exportedfrom theregion. Fig. 2

In this studywe examinethecirculationof theNorth Paci�c andtheconnectionsbetween

thesubtropicalandsubpolargyresin thecontext of theseinterannualmodesof variability. The

studyis basedon a joint analysisof observationaldataandoutputfrom a globaloceancircula-

tion modelconstrainedby mostof theavailableoceanobservationsfrom 1992to 2002. Each

modeof variability will be considered,independentlyandin combinationwith the others,in

orderto determineits relativecontribution to thetotalvariability, andto characterizevariability

in this regionasfully aspossible.

In situdata,remotelysenseddata,andmodeloutputareusedin thisanalysis.Eachof these
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contributesto theoverall descriptionof the region but hasits limitations. In situ dataprovide

direct measurementsof someaspectsof the circulation,at speci�c timesand locations,with

known uncertainty. Themaindatasethereconsistsof two repeatedtracksof XBT data,a zonal

sectionfrom SanFrancisco,CA, to Honolulu,HI, anda meridionalsectionfrom Valdez,AK,

to Honolulu,HI. Theselinesarereferredto asPX37andPX38,respectively (Figure1). Along

theselines,spatialresolutionis high,but elsewhere,in situmeasurementsaresparse.Remotely

senseddataarealsoavailable. Thesedatahave goodspatialandtemporalcoverageandreso-

lution, but provide informationonly at thesurface;informationaboutthesubsurfacestructure

mustbeinferredindirectly. A third informationsource,modeloutput,alsohasgoodspatialand

temporalcoverage,but resolutionis lowerthandata.In anattemptto reduceuncertainties,mod-

els have beendevelopedthat assimilatedatawhile maintainingdynamicalconsistency. Here,

theresultsfrom the“EstimatingtheClimateandCirculationof theOcean”(ECCO)dataassimi-

lationeffort (Stammeretal. 2002)will beused;seeKöhl etal. (2005)for adetaileddescription

of the modelandthe assimilationapproach.At this point, uncertaintiesof the estimatesare

unknown anddif�cult to determine,dueto limitations in computerresources.Oneaspectof

thepresentstudyis thereforeto determinethe model's skill whereobservationsareavailable,

in orderto subsequentlyusethe modelto studycomponentsof the oceancirculationthat are

otherwisedif�cult to observe. For that purpose,the dataandthe modeloutputarecompared

within our studyregion. They arethenusedin a combinedinterpretationto obtain the most

comprehensiverepresentationof theregion'scirculation.

Thestructureof thepaperis asfollows: in Section2,wedescribethedataandmodelresults.

Section3 presentsmethodsof comparingthemodeloutputwith thedata.Section4 describes

themeanstateof thecirculationaswell asits variability, asderivedfrom bothmodelanddata.

Discussionof theresultsis in Section5, andconclusionsarepresentedin Section6.
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2. Data and Model

2.1. XBTandSatelliteData

Theprimary in situ datasourcein this analysisis theHigh ResolutionExpendableBathyther-

mograph(HR XBT) Program. XBTs are deployed from merchantshipsalong commercial

shippingroutes.Thedataconsistof temperaturepro�les, with a nominaldepthof 800m, hav-

ing high along-trackresolutionof 30-50km in the openoceanand10 km nearboundariesor

interestingfeatures,suchastheroughtopographyof theHawaiianRidge.Thetemporalresolu-

tion of approximatelyfour cruisesperyearis only marginally adequateto resolve theseasonal

cycle,but shouldbesuf�cient to resolve low-frequency variability, with thecaveatthattempo-

ral aliasingandeddynoisecanmasklong-periodchanges.Oneachcruise,thereareoccasional

expendableconductivity-temperature-depth(XCTD) casts,which provide salinity information

for thecalculationof density. Their spatialresolutionis lower, approximatelyonecastper500

km. Processingof all pro�les andinterpolationonto a uniform grid with resolutionof 10 m

depthby 0.1� latitude(for meridionalsections)or longitude(for zonalsections),over a depth

rangeof 800m, is describedin detailby Gilsonetal. (1998).Datacollectionbeganin 1991on

line PX37and1993on line PX38andcontinuesto thepresent;datathrough2002areusedin

thisanalysis.

Satellitealtimetry, which provideshigh temporalandspatialcoverageunavailablefrom in

situ data,is alsoemployedin this project.Seasurfaceheight(SSH)hasbeenmeasuredcontin-

uouslyby TOPEX/Poseidon(T/P) since1992. Precisegeoidinformationis not yet available,

so absoluteSSHcannotbe determined.However, SSHanomalyis well suitedfor studiesof

variability. Thepresentstudyis basedon a mergedSSHproductfrom T/P, ERS-1,ERS-2,and

Jason,providedby Aviso(Ducetetal. 2000).Thisproductis anobjectiveanalysisin spaceand

time of all thosedatasetsontoa regularspatialgrid with 1/3-degreeresolutionanda time step

of seven days. For our analysis,we createdmonthly mean�elds by averagingthe seven-day
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grids.

2.2. Model

Themodeloutputusedhereis obtainedby theECCOProjectby constrainingtheECCOmodel

with mostof theavailablebasin-andglobal-scaledatasets.Thegoalof oceandataassimilation

is to synthesizein situandsatellitedatawith thedynamicsembeddedin oceanmodelsto obtain

the bestpossibledynamicallyconsistentdescriptionof the changingocean. Stammeret al.

(2002)providedetailsof theassimilationapproach.Theassimilationwasperformedonaglobal

1� grid over theperiod1992through2002by bringingtheECCOmodelinto consistency with

theoceandatausingthemodel's adjoint. Dataconstraintsincludedsatellitealtimetry, surface

drifter velocities,andhydrographicinformationfrom conductivity-temperature-depthsensors

(CTDs), moorings,and�oats (Köhl et al. 2005). In addition,monthly meansof temperature

andsalinitywereconstrainedby theLevitus1994hydrographic�elds (LevitusandBoyer1994;

Levitusetal.1994).Themodel'sinitial conditionsanddaily surfaceforcing�elds wereadjusted

to bringthemodelinto consistency with mostavailabledatasets.Themodeldrift in temperature

andsalinity over the11 yearperiodwasalsoconstrainedat eachgrid point to avoid numerical

drift away from observedhydrographicconditions.

TheECCOmodeloutputusedhereis providedonaglobal1� grid asmonthlyaveragesover

the11-yearperiod.Temperature,salinity, seasurfaceheight,andall componentsof thevelocity

�eld areincludedin the output. Becausethe surfaceforcing requiredto bring themodel into

consistency with the datais estimatedduring the assimilationprocedure,surfacewind stress,

heat�ux and freshwater �ux are also part of the solution. SeeStammeret al. (2004) for a

discussionof thequalityof theestimatedsurface�ux es.
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3. Approach

Comparisonsbetweendataandmodelresultsareanessentialstepin gaininganunderstanding

of theskill of themodelaswell asits limitations. However, performinga meaningfulcompar-

isonis complicated.Theinherentdifferencesbetweenwhatwasmeasuredandwhatthemodel

resolvesmustbeconsidered.Theoceancontainsvariability from processestakingplaceon a

wide rangeof spatialand temporalscales,andXBT castsarequasi-synopticpoint measure-

ments.In contrast,model�elds have1� spatialresolution;eddiesandothermesoscalefeatures

arenot resolvableonthesescales.Temporalvariability is furtherreducedby theuseof monthly

means.Thusthemodel�elds aresigni�cantly smootherthanthedatain bothtimeandspace.In

addition,althoughsomedrift in temperatureor transportmight occurin theocean,constraints

reducethedrift in themodel. It is importantto keepthis in mind whenevaluatingthemodel's

performanceagainstlongtime-scalesin thedata(seeKöhl etal. (2005)for adetaileddiscussion

of long-termchangesin themodel).

Velocity is calculatedfrom XBT castsby combiningtemperaturemeasurementswith histor-

ical salinity, correctedwith XCTDs, to determinedensity(seeGilsonet al. (1998)for details).

Horizontaldensitygradientsareusedto calculatecross-trackgeostrophicvelocities,as:
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Here� is thedensity, p is thepressure,andf is theCoriolisparameter. For comparison,model

temperatureandsalinity �elds wereinterpolatedonto the samelocationsasthe data. The in-

terpolatedmodel�elds wereusedto calculategeostrophicmodelvelocities,which aredirectly
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comparableto the geostrophicvelocitiescalculatedfrom thedata. In addition,the modelhas

completevelocity �elds that include an ageostrophiccomponent. For eachXBT track, the

componentof modelvelocity perpendicularto thetrackwasextracted,andcomparedwith the

geostrophicvelocitiescalculatedfrom themodelandthedata.Thesecomparisonsrevealboth

the magnitudeof ageostrophiccomponentssuchasEkman�o w, and the differencebetween

dataandmodelresults.

Geostrophicvelocitiesarecalculatedrelative to a “level of known motion” (p0 in Equation

2) of 800m, thenominalmaximumdepthof theXBTs. Velocitieswerecalculatedrelative to

zero�o w at 800m, andalsorelative to modelvelocityat 800m. Themodel's verticalvelocity

�elds were usedto determinewhich of thesetwo calculationsresultedin a morephysically

consistentpicture. If upper-layervolumeis converging in thebox,vertical transportshouldbe

downward,out of thebox. This would leadto anticorrelationbetweenhorizontalandvertical

transport. Correlationswere higher when the referencevelocity was taken from the model

�elds. As a result,all transportsshown below arecalculatedrelative to themodel's velocity at

800m. Figure3 shows the magnitudeandvariability of thecomponentof transportresulting

from thevelocityat800m. Fig. 3

Oceanvelocitiesandtheassociatedtransportcanbedecomposedinto ageostrophiccompo-

nent(Tg), anEkmancomponent(TE k), anda residualageostrophiccomponent(Ta).

T = Tg + TE k + Ta (3)

Theleft-handside(T) canbecalculateddirectly from modelvelocity �elds. However, only the

�rst termontheright-handsidecanbedeterminedfrom thedata.Geostrophicvolumetransport

is the�ux of volumethroughanareadueto geostrophicvelocities.

Tg =
Z

A

!
vg �

!
dA (4)
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Thesecondtermon theright-handside,theEkmantransport(TE k), canbecalculatedfrom the

ECCO-estimatedwind stressaccordingto:

!
TE k= (T x

E k ; T y
E k) = (

� y

�f
;
� � x

�f
) (5)

Here,� is seawaterdensity, f is theCoriolis parameter, and� y and� x arethecomponentsof

wind stress.For our analysis,the wind stresswas interpolatedto the XBT lines, the Ekman

transportwascalculatedat eachlocationalongthe line, andthe componentof this transport

normalto the ship track wassubsequentlyextracted.This cross-trackEkmantransport(TE k)

hasamagnitudeof 1.4� 0.65Sv(1 Sv= 1 Sverdrup= 106m3s� 1) on line PX37and0.56� 0.68

Sv on line PX37. Thenon-Ekmanageostrophiccomponentof transport(Ta) wascomputedas

theresidualthatremainsafterthegeostrophic(Tg) andEkman(TE k) partswereremovedfrom

thetotal transport(T). Ta is small,with a magnitudeof only -0.55� 0.36Sv on line PX37and

-0.16� 0.39Svon line PX38.

In theremainderof thispaper, cross-trackvolumetransportsareestimatedin threewaysfor

eachcalculation.

T1 =
Z 0

� 800
vmdA (6)

T2 =
Z 0

� 800
(vd

g + vm (� 800))dA + TE k (7)

T3 =
Z 0

� 800
(vm

g + vm (� 800))dA + TE k (8)

The �rst estimate,T1, is basedon thecross-trackcomponentof themodel's full velocity �eld

(vm ). Thesecondestimate,T2, usesgeostrophicvelocitiesfrom thedata(vd
g), relative to model

resultsat800m (vm (� 800)), to determinecross-tracktransport.Ekmantransport(TE k), deter-

minedfrom the model's wind stress,is addedto this quantityat eachtime step. For the �nal

estimate,T3, geostrophicvelocitiescalculatedfrom modeloutput(vm
g ), relativeto modelresults
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at 800m, areusedto estimatetransport.As with theestimatefrom data,anEkmancomponent

is added.

Model output is linearly interpolatedin spaceto the locationsof the XBT castsusingthe

monthclosestto thetimeof theobservations.Duringthecomparisonsof resultsfrom themodel

andthe data,only thosemonthswhenXBT dataareavailableareconsidered.During 1992-

2002,42 sectionsalongline PX37and30 sectionsalongline PX38wererecorded.Although

the cruisesareapproximatelyevenly spacedin time, it is possiblethat somefeaturesof the

�o w aremisrepresentedor missedentirelyasa resultof thelow samplingrate.An estimateof

temporalaliasingin theXBT datasetcanbeobtainedby comparingthefull timeseriesof model

outputwith thesametimeseriessubsampledat themonthswhendataareavailable.In general,

themain featuresof the time seriesareretainedby thesubsampledseries.We note,however,

thatthisestimatedoesnot includetheeffectsof mesoscaleeddies.

Sincethis analysisis focusedon interannualvariability, it is helpful to accentuatelower

frequenciesby �ltering out higherfrequency components.Monthly estimateswereproduced

throughlinear interpolationof the dataand high-frequency variability was subsequentlyre-

movedwith a 12-pointrunning�lter . Model outputwasprocessedthesameway: it wassub-

sampledto themonthswhenXBT dataareavailableandsmoothedwith a 12-month�lter . The

following discussionwill bebasedon thosesmoothedresults.

4. Cir culation

Figure1 shows themeantransportstreamfunctionin thetop 800m, ascalculatedfrom model

output. Transportfrom the full modelvelocity �eld is integratedacrossthe region, relative to

zeroat thecoast,accordingto

	( x; y) =
Z y

coast
Tu(x; y0)dy0 = �

Z x

coast
Tv(x0; y)dx0 (9)
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Thestreamfunctionis computedoverall monthswhenXBT dataareavailableduringtheeleven-

yearperiodcoveredby themodel,1992-2002.Theexpectedtwo-gyrestructureis evident,with

the easternhalf of the anti-cyclonic subtropicalgyre covering the basinbetweenlatitudesof

about15� N and45� N, andthe cyclonic subpolargyre mostly containedwithin the Gulf of

Alaska. About 15 Sv aretransportedby the subtropicalgyre,while the subpolargyre carries

about9 Sv. Becausetransportfrom theXBT datacanonly becomputedacrossshiptracks,the

spatialstructuredepictedin the �gure cannotbe comparedto datadirectly. Comparisonsare

limited to cross-tracktransports. Fig. 4

Figure4 shows upper-layer(0 - 800m) cross-trackvolumetransportasa functionof time.

Transportacrossline PX38(around9 Sv), transportacrossline PX37(around-9 Sv),andtotal

lateral transportinto the box (PX37+PX38)areshown. Eachquantity is estimatedfrom the

full model �eld, from the datausinggeostrophy, and from the modelusinggeostrophy(see

eqs.6-8). Positive valuesindicate�o w into thebox (northward �o w acrossPX37or eastward

�o w acrossPX38).Thelargemagnitudeof interannualvariability in theregion is apparent.Net

transportacrossPX38is positive,dominatedby theeastward-�owing NPC,while nettransport

acrossPX37 is negative, dominatedby the subtropicalgyre exporting waterfrom the region.

Data-basedestimatesof the time-meangyre transportdeterminedfrom cross-tracktransports

give resultssimilar to thosefrom the model transportstreamfunctionin Figure 1: about18

Sv in thesubtropicalgyreandabout9 Sv in thesubpolargyre. The netupperlayer transport

into thebox estimatedfrom thefull velocity �elds hasa meanvalueof 1.03Sv anda standard

deviation of 1.02. The downwelling of -1.00� 0.88 Sv calculatedfrom the model's vertical

velocity �elds con�rms that in the time-mean,volume is balancedin the box. Geostrophic

estimatesof horizontaltransportaresigni�cantly larger: 2:39� 1:79Sv in thedata,and1:73�

1:09Sv in themodel.This suggeststhatthefull �o w �elds arerequiredfor budgetestimates.

Acrossline PX37,geostrophicupper-layertransportin themodelcloselymatchesthatin the

data,with a root-mean-square(RMS) differenceof 0.88Sv. Theestimatefrom the full model
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velocity alsoagreeswell with thedata,with anRMS differenceof 0.77Sv. In contrast,there

are substantialdifferencesbetweenmodel- and data-basedtransportestimatesacrossPX38.

Thegeostrophicmodelestimateis slightly closerto thedata(RMS differenceof 1.91Sv) than

theestimateusingthefull velocity �eld (RMS differenceof 2.08Sv). A local minimumin the

modelestimatein 1994is not seenin thedata,while apeakin thedataestimateduring1998is

entirelymissingfrom themodelestimates.Thesedisparitiesresultin largedifferencesin total

transport.

In orderto examinethe differencesbetweenthe dataandthe modelalongline PX38, we

dividedthe line into threesegments,distinguishedby thedirectionof �o w (seeFigure1), and

calculatedtransportfor eachsection.Thenorthernmostsectionis theAlaskaCurrent(AKC).

This westward-�owing current,north of about54oN, is the upperarm of the subpolargyre.

Southof theAKC, theNorth Paci�c Current(NPC)is thebroadsectionof eastward�o w. The

lower boundaryof the AKC, de�ned as the point separatingwestward AKC �o w from east-

wardNPC�o w, is constantin time. The�o w turnswestagainsouthof about30oN, in theNorth

HawaiianRidgeCurrent(NHRC).To �nd theboundarybetweentheNHRCandtheNPC,trans-

portwasintegratedalongthetrack,startingfrom Hawaii. Theminimumin integratedtransport

marksthepointwherethecurrentschangefrom �o wing westwardto �o wingeastward,andthus,

thesouthernedgeof theNPC.This locationis highly variable,especiallyfor dataestimatesof

transport. If the boundarybetweenthe NPC andthe NHRC is not determinedcorrectly, dis-

crepanciescouldappearin the transportestimatesthatdo not re�ect the informationin either

thedataor themodel. Fig. 5

Figure5 showstransportestimatesfor all threesections.In theAKC, shown in Figure5(a),

thereis reasonableagreementbetweenmodelanddataresults.Both tendency andmagnitude

agreefor mostof thetimeseries.TheRMSdifferencebetweenthedataandmodelgeostrophic

estimatesis 0.56 Sv, and instantaneousdifferencesrarely exceedoneSverdrup. This region

shows the largestdifferencesbetweenthe estimatefrom the full model �eld and the model
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geostrophicestimate,indicatingthelocal importanceof friction terms.

Differencesarelargerin theNPC(Figure5(b)). Themaindifferencebetweentheestimates

is that themagnitudeof thedataestimateis approximately4 Sv larger thaneithermodelesti-

mate.Theslopesaresimilar throughoutthetime series,andall threeestimatescapturea large

increasein transportbetween1995and1999.Thestandarddeviationof thedifferencebetween

themodelgeostrophicestimateof transportandthedataestimateis 0.81Sv. Thelargebiasbut

small standarddeviation suggeststhat thereis no fundamentaldifferencebetweenmodeland

datain thestructureof variability. Detailsof thelocationof theboundariesbetweenthecurrents

couldleadto thebias.

In thesouthernmostsegmentof PX38,theNHRC,bothabiasandastructuraldifferenceare

evident(Figure5(c)). Thedataestimateis biasedhigh,by approximately2 Sv. It is interesting

to notethat in this case,as in the NPC, the magnitudeof the dataestimateis larger thanthe

magnitudeof themodelestimates.However, whenthesumof NHRCandNPCtransportacross

PX38 is considered,the magnitudesof dataandmodelestimatesare similar (seeFigure 4).

Unlike theNPC,theslopesof theestimatesdo not matchfor theNHRC. Themostsigni�cant

discrepancy occursin 1998, when the magnitudeof transportsurges in the model estimate

but decreasessharplyin the dataestimate.We note that it is this discrepancy in the NHRC

estimatethat leadsto the large differencebetweenmodelanddataestimatesof total transport

(seeFigure4). In this region, the synopticnatureof in situ datacould have a large effect on

data-basedestimates.Previous observationshave demonstratedthat “the NHRC appearsand

disappearson timescalesof lessthanonemonth” (Bingham1998). As a result,in this region,

monthlymeansmaynot beadequatefor comparisonswith synopticdata.In addition,complex

small-scaledynamicsoccurin this region asa resultof theroughtopographyof theHawaiian

ridgethatarenot resolvedby themodel'sone-degreegrid.
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5. Modesof Variability

It is evidentthatthereis strongvariability in theupper-layercirculationin this region. In order

toexplorethevariabilityandpossiblecovariabilityof thetwogyres,wecomparetheirtransports

(Figure6). For thiscomparison,thesubtropicalgyreis de�nedasthesumof thetransportacross

PX37 andthe transportacrossthe southernmostsegmentof PX38(the NHRC). The subpolar

gyreconsistsof theAKC segmentof PX38.SincetheNPCtransportcontributesto bothgyres,

andits bifurcationis undeterminedandpossiblyvariable,it is not includedin eithergyre. In this

way, it is possibleto distinguishchangesin thegyresfrom changesin theNPC.All estimates

in Figure6 show largevariability. In thesubpolargyre,dataandmodelestimatesaresimilar,

but in the subtropicalgyre thereare signi�cant differences.Dataestimatesof the gyresare

uncorrelatedwith eachother, but thereareweakpositivecorrelationsbetweenthegyresin both

themodelgeostrophicestimate(r=0.24)andthefull modelestimate(r=0.44).This indicatesa

relationshipbetweenthegyresin themodelthatis fundamentallydifferentthantherelationship

in thedata. Fig. 6

Onepossiblemodeof variability, illustratedschematicallyin Figure2(a),assumesaconstant

NPC, and attributesthe variability of transportin the gyresto changesin the bifurcation of

the incoming�o w. This would leadto anticorrelationbetweenthe two gyres;an increasein

southwardtransportwouldcorrespondto adecreasein northwardtransport.AlthoughtheNPC

is notconstant,its bifurcationcanstill modulatethegyretransports.In orderto isolatetheeffect

of thebifurcation,thetransportin eachgyremustbenormalizedby themagnitudeof theNPC

ateachtimestep. Fig. 7

Figure7 showsthenormalizedgyreestimates,or equivalently, thefractionof NPCtransport

in eachgyre. Correlationcoef�cients of thesetime seriesare-0.54in thedata,-0.39in thefull

model,and-0.34in thegeostrophicmodel.This negativecorrelationin all casesindicatesthat

a changein bifurcationis occurring.Thetime scaleof thevariability is approximately4 years.

Theanticorrelationis mostevidentin late1997,whenasigni�cant El Niñoeventoccurredin the
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.
Subpolargyre Subtropicalgyre

Model (full) 0.65 -0.57
Model (geostrophic) 0.51 -0.70
Data 0.76 -0.65

Table1: CorrelationsbetweenNormalizedGyretransportsandtheSOI

tropicalPaci�c. A minimumin thenormalizedsubtropicalgyre transport,shown in Figure7,

is in agreementwith previous studiesof transportin the California Currentthat associateEl

Niño eventswith decreasedhorizontalcirculation(Cheltonet al. 1982).Previousstudiesof El

Niño connectionswith the subpolargyre have beeninconclusive (McGowanet al. 1998),but

Figure7 shows a concurrentpeakin normalizedsubpolartransport.To determinethe extent

to which thepresentanalysissupportsa connectionbetweenthebifurcationof NPCtransport

andEl Niño, correlationcoef�cients werecalculatedbetweenthe SouthernOscillationIndex

(SOI),apressure-basedindex which is relatedto theEl Niñosignal(TrenberthandShea1987),

andthenormalizedgyretransports(seeTable1). In bothgyres,all estimatesshow signi�cant

correlation.

Gyretransportscouldalsocovary with themagnitudeof theincomingNPCtransport(Fig-

ure 2(b)): the transportin eachgyre would increasewhenthe incoming transportincreased.

Figure8 shows themagnitudeof thetransportsof theNPC(theincoming�o w) andof eachof

thegyres. As in previousplots, theestimatesof thesubpolargyre transportagreefairly well.

Dataestimatesfor NPCtransportandsubtropicalgyretransportaregreaterthanthemodelesti-

matesfor thesamequantities.In theNPC,thedifferenceis asimplebias,but in thesubtropical

gyre thereis substantiallymorevariability in the dataestimatethanin eithermodelestimate.

However, evenin thedataestimate,a long-termupwardtrendis evidentin boththesubtropical

gyre and the NPC. Correlationis apparentbetweenthe NPC and the subpolargyre aswell:

the main signal in the subpolargyre is a peakin 1998which alsoappearsin the NPC. The

correlationsof NPCwith gyretransportsareshown in Table2. Fig. 8

The mostsigni�cant signal in this time seriesis the long-termincreasein NPC transport.
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.
Subpolargyre Subtropicalgyre

Model (full) 0.85 0.71
Model (geostrophic) 0.81 0.54
Data 0.58 0.57

Table2: Correlationsbetweengyretransportmagnitudesandthemagnitudeof theNPC

This robustsignalis observedin all threeestimatesof transport(seeFigure5(b)),andindicates

changeson time-scaleslongerthanthe4-yearsignalin thebifurcation. Previous researchhas

suggestedthe possibility of decadalvariationin this region (e.g. McGowanet al. (1998)and

Cheltonetal. (1982)),andtheincreasein NPCcouldsupportthesetheories.Figure9 showsthe

transportstreamfunction,from themodel,averagedover the two time periods1992-1995and

1999-2002.Thesubtropicalgyre is signi�cantly strongerin the latterperiod,but thesubpolar

gyreremainsessentiallyunchanged.Thechangein streamfunctionis shown in Figure9(c).

For a region in Sverdrupbalance,thevertically integratedmasstransportcanbecalculated

from thecurl of thewind stressas:

H v =
Z x

coast

1
��

�
@Ys

@x
�

@X s

@y

�
dx (10)

HereX s andYs arethe zonalandmeridionalcomponentsof wind stress,respectively. Using

Equation10,thedifferencein Sverdruptransportbetweenthetwo timeperiodswasdetermined.

Theresultis shown in Figure9(d). ThesimilaritiesbetweenFigures9(c) and9(d) supportthe

hypothesisthatthelarge-scalechangesin themodel's transportstreamfunctionarelargely due

to long-termchangesin thelocal wind forcingof theeastNorthPaci�c. Fig. 9

The modesof variability describedso far have beenbasedon the premisethat massis

constantin theupperlayerof thebox, so that the transportout of this layermustbe thesame

as the incoming transport. However, if masswere storedin the upperlayer, the variability

of outgoingtransportwould be independentof the incomingvolume,asin Figure2(c). This

possibilitycanbeexploredby consideringSSH.Therearetwo processesthatcontributeto SSH
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variability: changesin stericheight,which result from densitychanges;andchangesin mass

storagein a region, i.e., uncorrelatedto any densitychange.Stericheightchanges(� h) are

determinedas:

� h =
1
g

Z 0

� H
� (T; S;p)dp (11)

Hereg is gravitationalacceleration(9.8m s� 2), � is speci�c volumeanomaly, andp is pressure.

Figure10 shows a time seriesof stericheightanomalies,from the top-to-bottommodel�eld,

averagedover the wedge-shapedregion shown in Figure1. SSHfrom the modeloutputand

from Aviso dataarealsoplotted. Interannualvariability of morethan3 cm is apparent.The

high correlationbetweenstericheightandSSHshows that changesaremainly dueto density

variability ratherthanmassstorage.An exceptioncanbefoundin 1997,whentheSSHanomaly

asmeasuredby themodelandby Avisois almostacentimeterhigherthanstericheightanomaly

would suggest,indicatingnetmassstoragein thebox. We notethat in this region, themodel's

densityis morestronglydependentonsalinity thantemperature:thecorrelationbetweena time

seriesof halo-stericheightandstericheightis -0.92(highersalt leadsto higherdensitywhich

leadsto lowerstericheight),while thecorrelationbetweenthermo-stericheightandstericheight

is only 0.31.A comparisonwith in situdatafrom Line Pcon�rms thatthesalinity signalin the

modelhasskill andsuggeststheneedfor morein situsalinitymeasurementsto studytheNorth

Paci�c andto constrainmodels. Fig. 10

Figure 4 shows that the total time-meanhorizontalupper-layer transportinto the box is

not zero. The downwelling transport,calculatedfrom the model �elds of vertical velocity,

accountsfor -1.00� 0.88Sv of transport. Whenthis is addedto the horizontaltransport,the

resultis a net in�o w of 0.02� 0.61Sv. In themodel,then,horizontaltransportinto thebox in

the upperlayer is balancedby vertical transportinto a deeperlayer andthenhorizontaldeep

transportout of the region. As Figure4 illustrates,the temporalvariability of this processis

strong.Thequestionof how this variability propagatesinto thedeeperlayersof theoceancan

be consideredusingthe model's velocity �elds. Whenthe transportis calculatedfor the full
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depthof theocean,following thesameprocessof subsamplingto XBT months,interpolating,

andthenusinga 12-point�lter , thetransportinto thebox is 0.34� 2.3Sv. Thelargevariability

of this quantityis surprising.If, insteadof subsampling,all monthsof modeloutputareused,

thetransportinto thebox is -0.88� 0.77Sv. Thereducedvariability, signi�ed by low standard

deviation, illustratesthat the subsample-and-interpolatemethodusedthroughoutthis analysis

hasthe potentialto exaggeratesomesignalsandminimize others. This possibility, an effect

of aliasing,cannotbe corrected. Thereis still a slight negative bias in the full time series

calculation. If the wedgede�ned by the XBT lines is replacedby a squarebox, suchasthat

outlinedin dashedlinesin Figure1, theneedfor spatialinterpolationof thevelocity vectorsis

eliminated,andthe time-meantransportinto thebox decreasesto 0.1� 0.02Sv. Theseresults

emphasizethatcautionmustbeusedwhendrawing conclusionsaboutthenatureof variability

from datawithout including model information,or from modeloutputwithout validationof

data.

6. Conclusions

Theobjective of this work wasto analyzehigh resolutiondatasetstogetherwith a coarserres-

olution dataassimilatingmodel in orderto provide an improveddescriptionof the meanand

time-varyingcirculationof theNortheastPaci�c from 1992-2002.Both themodelandthedata

agreein that,on average,in theupper800m, about25 Sv �o w eastward in theNorth Paci�c

Currentbetweenlatitudes30� N and52� N. This broadeastwardcurrentbifurcateswestof the

North Americancoastalong47� N. About 8 Sv turn northandfollow thecoastlineof theGulf

of Alaskainto theAlaskanCurrent,while theremaining17 Sv turn southandthenwestin the

subtropicalgyre. The broadgyre circulationreachesasfar southas15� N, whereit joins the

North EquatorialCurrent.The�o w thatrecirculatesnorthof Hawaii is referredto astheNorth

Hawaiian RidgeCurrent. This currenthasan averagemagnitudeof about9 Sv, but its stan-
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darddeviation is 2.5 Sv, or morethan25%of themagnitudeof the �o w, indicatingvery high

variability. Fig. 11

The largestinterannualsignalobservedduring this period,andalsosimulatedby thedata-

constrainedmodel,wasthe increasein the transportof the NPC,andthe associatedintensi�-

cationof the subtropicalgyre. This signal is observed asa rise in NPC andsubtropicalgyre

transportmagnitudesthroughthe�rst half of thetimeseries,asillustratedin Figure8. Stream-

functionsin Figure9 demonstratethestructureof theincreasein thestrengthof thesubtropical

gyre.Thisevolution is associatedwith changesin thecurl of thewind stress.Thedifferencein

four-yeartime-meanmapsof Sverdruptransport,ascalculatedfrom thecurl of thewind stress,

hasthe samestructureasthedifferencein thestreamfunctionfor thesametime periods(Fig-

ures9(c) and9(d)). Theverticalstructureof this changeis illustratedby thesectionsof mean

velocityalongPX38prior to andafterthechange(Figure11). After smoothingthedataover4

degrees,differencesbetweenmodelanddataarestill evident.Modeloutputis smoother, andthe

small-scalestructurein thedatarepresentsbothunresolvedstructureandnoisefrom temporal

aliasingof the in situ measurements.However, both dataandmodelstill show intensi�cation

of the jet structureat thesouthernendof the line andan increasein the large-scaleincoming

transportbetweenabout40� N and50� N. This signal is an exampleof the “NPC-dependent

variability” illustratedin Figure2(b). Fig. 12

On a shortertime scale,covariability betweenthegyresindicative of changesin thebifur-

cationof the incomingcurrentis evident. This is thepatternsuggestedby CheltonandDavis

(1982)asdepictedin Figure2(a). To observe this, we comparetheout�ows of the two gyres.

Net transportacrossPX37 is the part of the subtropicalgyre water that doesnot recirculate

northof Hawaii, andhenceis thepartclosestto theCaliforniacoastdesribedby Cheltonand

Davis(1982).TheAKC playsthesamerole in thesubpolargyre. Model anddataestimatesof

thesetransportsareshown in Figure12. Anticorrelatedvariability on a 3-4 yeartime scaleis

evident. Thelargestincreasein subpolargyrestrengthoccursat thepeakof the1997-1998El
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Niñoevent.Similarly, whenthefractionof NPCtransportin eachgyrewasconsidered(another

indicatorof bifurcationvariability), a correlationwith theSOI wasnoted.This is indicativeof

apossibleteleconnectionof thesubpolarregionswith thetropics.

The third modeof variability illustratedin Figure2, the storageof upperlayer volumein

thebox, is not evidentin this region of theocean.Model seasurfaceheight,satellitealtimetry,

andstericheight calculatedfrom the model's temperatureand salinity �elds are all in good

agreement.Thereis a signi�cant changein stericheight,which we �nd to be mainly a result

of changesin salinity ratherthan temperature.The importanceof salinity in the large scale

changesin this region underscorestheneedfor morein situ measurementsto observe change

andhelpconstrainmodels.

Overall, theagreementbetweenthemodelandthedatawasgoodwith somenotableexcep-

tions. To someextent, this is to be expected,sincethe assimilationapproachdid incorporate

thesamedatawe compareagainst.However, asdiscussedbeKöhl et al. (2005),theunderly-

ing ECCOsolutionto �rst orderwasnot constrainedby theXBT pro�le datasetwe usehere,

but by the climatologicalhydrography, the altimetry andothersurfacedata. Taking this into

account,our comparisoncanbe seenasa quasi-independentcheckof the consistency of the

ECCOsolutionwith in situdata.

Along line PX37 andin the AlaskaCurrentregion, dataandmodelestimatesagreedvery

well bothin their meanandtime-varyingcomponents.However, problemsin determiningand

resolving the boundarybetweenthe NPC and NHRC led to differencesin meanand time-

varyingtransportsbetweenthedataandmodel.Whentheestimatesaresummed,themeanbias

essentiallydisappears.Theoffsetsshown in Figs.5(a)and5(b) thereforehave to beconsidered

somewhatarti�cial.

More problematicis the fact thatdataandmodelbasedtransportestimatesshow different

temporalvariability, particularlyin theNHRC. To �rst order, this indicatestheneedfor more

spatialresolutionin the modelsimulations: the modelhasonly a one-degreeresolutionand
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is thereforenot ableto properlysimulatethecurrentsaroundHawaii or any othertopographic

feature.It is worth recalling,however, thatXBT datahave fairly high spatialsamplingdensity

but areavailableonly onceevery quarter. This temporalsamplingis not adequateandwill in-

evitably leadto aliasingof theenergeticeddy�eld. Therespectiveerrorsin thein situestimates

have to betakeninto accountduringourcomparisonsbetweenmonthlymeansof modeloutput

andquasi-synopticshipboardmeasurements.Thelack of properin situ salinity observationsis

yet anothersourceof errorsin thedata-basedestimates.

Givenall thoseuncertaintiesin the in situ andthemodelestimates,�nding essentiallythe

sametime-meanandtime-varying transportestimatesfrom both sourcesis very encouraging

andcon�rms that usinga high-resolutiondataassimilationapproachaspart of an observing

andsynthesissystemis a goodstrategy to obtainthebestpossibleestimatesof observableand

unobservablequantitiesof theoceancirculation.
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.

Figure1: Area of study. Shown is the meantransportstreamfunctionin the top 800 m asit
resultsfrom theECCO1� optimizedsolution(seetext for details).XBT lines,shown assolid,
de�ne the edgesof the part of the NE Paci�c underconsideration(the “box”). Line PX37 is
from Honolulu, HI, to SanFrancisco,CA, and line PX38 is from Honolulu, HI, to Valdez,
AK. The main componentsof circulationalongPX38 areindicated.TheseincludetheNorth
Paci�c Current(NPC), AlaskaCurrent(AKC), andNorth Hawaiian RidgeCurrent(NHRC).
The dashedlines indicatea squarebox usedto estimatethe effectsof spatialinterpolationon
thecalculations.
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.

Figure2: Possiblemodesof variability of thenorth-eastPaci�c. In (a), theamountof incoming
waterremainsconstant,but the ratio of transportgoing north to that going south,changesin
time; outputvariability dependson the bifurcation. In (b), the volumeof waterenteringthe
box changes,andtransportin eachof the two gyreschangesproportionately. In this casethe
north/southratio is constantandoutputvariability dependsonly on input variability. In (c), the
volumeof upper-layerwaterleaving thebox is not thesameasthevolumeenteringthebox. In
this caseupper-layerstoragein theboxor netout�ow occurs.

26



. 1992 1994 1996 1998 2000 2002
-5

0

5

S
ve

rd
ru

ps

(b) 800 m Transports, PX38
1992 1994 1996 1998 2000 2002

-5

0

5
(a) 800 m Transports, PX37

S
ve

rd
ru

ps

Figure3: Componentof transportresultingfrom usingthemodelvelocity at 800m asa refer-
encevelocity insteadof zero,acrosslines(a) PX37and(b) PX38. In eachcase,thethin solid
line shows thetime seriesof monthly transportestimates.Thethick solid line shows thesame
time series,subsampledat only thosemonthswhenXBT dataareavailable.Thethin andbold
dashedlinesshow thesameresultsfor thefull andsubsampledtimeseriesaftersmoothingusing
a12-monthrunningmean.
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Figure4: Volumetransportinto the box. The top threelines aredifferenttransportestimates
acrossPX38above800m, thebottomthreelinesarerespectivetransportestimatesacrossPX37,
andthemiddlethreelinesarethenettransportestimatesabove800m into thebox. Dashedlines
aretransportestimatesresultingfrom the modelfull velocity �elds, solid lines representesti-
matesfrom geostrophicvelocitiescalculatedfrom data,anddottedlinesaretransportestimates
basedon geostrophicvelocitiescalculatedfrom the model. All geostrophicestimatesusethe
model's velocity asa referencelevel at 800m. Ekmantransport,calculatedfrom modelwind
stress,hasbeenaddedto thegeostrophicestimatesof transportandarepart of the full model
estimatesaswell.
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Figure5: Volumetransportabove 800m acrossthethreesectionsof PX38. (a) is thetransport
throughtheAlaskaCurrent(AKC), (b) is theNorth Paci�c Current(NPC)and(c) is theNorth
Hawaiian Ridge Current(NHRC). SeeFigure 1 for the location of thesecurrents. Dashed
linesaretransportsestimatesresultingfrom thefull modelvelocity �elds, solid linesarebased
on geostrophic+ Ekmantransportfrom data,anddottedlines representgeostrophic+ Ekman
transportfrom modeloutput.

29



. 1992 1994 1996 1998 2000 2002
�30

�25

�20

�15

�10

�5

S
ve

rd
ru

ps

Gyre Transport

SUBPOLAR GYRE

SUBTROPICAL GYRE

Model (full)
Data
Model (geostrophic)

Figure6: Estimatesof volumetransportsin thesubpolargyre(AKC) andthesubtropicalgyre
(PX37+NHRC).The solid lines are the estimatesfrom the data,the dashedlines are the es-
timatesfrom the model velocity �elds, and the dotted lines are the estimatesfrom model
geostrophicvelocities.
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Figure7: Similar to Fig. 6, but showing thegyretransportswhichhavebeennormalizedby the
amountof theinstantaneousincomingtransport(theNPC).Dashedlinesrepresentmodelesti-
matesfrom thefull velocity �elds, solid linesindicatedataestimates,anddottedlinesindicate
modelgeostrophicestimates.As beforethe Ekmantransportswereaddedto the geostrophic
estimates.
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Figure8: Magnitudesof theincomingNPCtransportaswell asthetwo gyres(subtropicaland
subpolar).Dashedlinesshow resultsbasedonthetotalmodelvelocity�eld estimates.Solidand
dottedlinesshow data-andmodel-basedgeostrophicestimates,respectively. Ekmantransport
hasbeenaddedto bothgeostrophicestimates.
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(a) Transport Streamfunction, 1992�1995, CI=2Sv
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(b) Transport Streamfunction, 1999�2002, CI=2Sv

�13
�11

�9�9
�7�7

�5

�5
�5

�3

�3
�3

�1�1
�1

�1
�1

�1

�1

1 1

1

1

1

1

3 3

3

3

3

3

5

5

5

5

5

7
7

7

7

7

9

9

9

9

11

11

11

11

13

13
13

15

15

15

�3 �3

�3

�3

17

17

�5
�5

�5

19

19

�7

�7

21

�15

�10

�5

0

5

10

15

20

200 220 240
10

15

20

25

30

35

40

45

50

55

60

(c) Change in streamfunction, CI=1 Sv
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(d) Change in Sverdrup Transport, C1=1 Sv
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Figure9: Four-yearaveragesof streamfunctionrepresentingtheperiod(a) before(1992-1995)
and(b) after(1999-2002)thechangein NPC.Thedifferencebetweenstreamfunctionestimates
is shown in (c). Panel(d) shows thedifferencein Sverdruptransportasit resultsfor thesame
periods,usingECCOwind stressestimates,smoothedover6 degreeslatitude
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Figure10: Estimatedstericheight(solid line) calculatedfrom modeltemperatureandsalinity
�elds over thefull modeldepthandaveragedover thebox. Also shown arespatialaveragesof
themodel's SSH(dashedline) andof T/P SSHobservations(dottedline). For eachestimate,a
time-meanwasremoved.
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(a) Mean Velocities from data, 1992�1995
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(b) Mean Velocities from data, 1999�2002
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(c) Mean Velocities from model, 1992�1995
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(d) Mean Velocities from model, 1999�2002
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Figure 11: Comparisonof four-year averagevelocity structure,before(1992-1995)and af-
ter (1999-2002)the changein NPC.(a) and(b) areXBT datavelocities,beforeandafter the
change,respectively. (c) and(d) aremodelvelocities,beforeandafterthechange,respectively.
Shadedareasarewestwardvelocitiesandlight areasareeastwardvelocities.In all panels,the
contouringinterval is 0.01m/s.
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Figure12: Anticorrelatedvariability of transportin theAlaskaCurrentandtheCaliforniaCur-
rent (the net transportacrossPX37 is consideredto be the California Current in this case).
Both dataandmodelestimatesshow clearanticorrelation,with AKC strengtheningwhenthe
Californiacurrentis weak,with time-scaleof variability of approximately3 years.
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