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Abstract

Interannuabvariability of the circulationin the NortheastPaci ¢ Oceanis ex-
ploredthroughajoint analysisof expendabléathythermograp(XBT) data,satel-
lite altimetry, andoutputfrom a modelthatwasconstrainedy oceandata. XBT
temperaturgro les with high spatialresolutionareavailablein the easterrNorth
Paci ¢ alongtwo repeatedransects. 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 outputas
well asthe full modelvelocity elds. Correlationsin variability on interannual
time scalesbetweertransportin the subpolargyre andin the subtropicalgyre are
presentin bothmodeloutputanddata.The natureof thevariability, andits relation
to the change®f the strengthof the North Paci ¢ Current(NPC), which supplies
the waterfor both gyres,areexplored. Interannuabariability in gyre transportis
foundto berelatedto boththebifurcationof theNPC,resultingin ananticorrelation
in transportbetweerthetwo gyres,andto variationsin NPC strength resultingin
simultaneoughangesn thetwo gyres.The dominantsignalis foundto bealong-
termincreasan the NPC,which resultsin a strengtheningf the subtropicalgyre.
A correlationis alsofound betweernchangesn the bifurcationof the NPCandthe

El Nifio/SoutherrOscillation(ENSO)phenomenon.



1. Intr oduction

Thepresentvork investigateshe meanstateandinterannualariability of the circulationof the
easterrNorth Paci c. As shavn schematicallyn Figurel, the eastvard- owing North Paci ¢
Current(NPC) suppliessourcewaterfor boththe subpolargyre andthe subtropicalgyre. The
Gulf of Alaskaandthe California Currentregion arebothimportantupwellingzoneswith high
productvity. A descriptionof the large-scalecirculationof the northeastaci ¢ region is an
importantsteptowardunderstandinghe biologically andeconomicallyimportantelementghat
areimbeddedn it.

Historically, coastalprocesseandtheir impactson economicallyimportant sheries have
beenthe focusof muchresearchn the NortheastPaci ¢ (Royer1998; Hickey 1998; Chelton
etal. 1982). For example,the collapseof the Californiasardine shery in the 1940sresulted
in the establishmenof the California Cooperatre OceanicrisheriednvestigationgCalCOFI)
program(Bograd and Lynn 2003). This projectnow providesone of the longestcontinuous
oceanographiime-seriesvailable.Otherresearclin theregionfocusesonthePaci ¢ Decadal
Oscillation(PDO),alarge-scalelimatephenomenoaffectingmuchof theNorth Paci ¢ Ocean
(Mantuaetal. 1997). Onemotivationfor the studyof the PDO wasthe covariability between
salmoncatchesn Alaskaandthosein WashingtorandOregon.

Most previousin situ studiesin this region consistof individual hydrographidransectsor
short-termsurweys which provide synopticviews of the large-scalecirculation (Reed1984;
Musgraveet al. 1992). Thesestudiesprovide very little informationon long-termvariability.
The CalCOFldatasetlescribedabore haslong temporalextent, but its spatialcoverageis lim-
ited. Anotherlong time seriesof in situ datain thisregionis a hydrographidine of 13 stations

from British Columbiato OceanStationPapa(locatedat 50 N, 145 W), known asLine P,
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which hasbeenoccupiedregularly since 1959. Thesedatahave beenusedfor a variety of
studiesfrom short-termobsenationsof El Nifio effects(Freeland2002)to 25-yearanalyse®f
dynamicheightvariability (Tabataet al. 1986). Like CalCOFI,the spatialextentof Line P is
smallrelative to thetwo-gyresystemconsideredere.

In anotablestudyonlong-termvariability in thenortheasPaci ¢, CheltonandDavis(1982)
examinedcoastakeaevel andobsenedacoherentiseandfall oninterannuatime scalesalong
thefull North Americancoast.Thisledtheauthordo hypothesizéa quasi-permaneritansport
of theWestWind Drift in thecentralNorth Paci ¢ which bifurcatesn the easterrNorth Paci ¢
eitherwith mostof thetransporturningnorthward or mostof thetransporturning southvard”
asapossiblemodeof long-termvariability in this region. This concepis representedchemat-
ically in Figure2(a): theinputthroughtheNorth Paci ¢ Currentis constantput thebifurcation
of the transportvarieson interannuatime scales.Otherpossiblemodesof variability arealso
presentedln Figure2(b), variability in the two gyres(andthereforeacrossthe XBT lines)is
adirectresultof variability in the sourcewatersin the NPC. Changesn the volumeof source
wateraresplit proportionatelybetweerthe two gyres;the bifurcationdoesnot change.In Fig-
ure 2(c), in the upperlayer, transportinto the region differs from transportout of the region.
In this case the upperlayervolumechange®n interannuatime scalesasnetvolumeis either
storedin thebox or exportedfrom theregion.

In this studywe examinethe circulationof the North Paci ¢ andthe connectiondbetween
the subtropicalandsubpolargyresin the contect of theseinterannuamodesof variability. The
studyis basedbon ajoint analysisof obsenationaldataandoutputfrom a globaloceancircula-
tion modelconstrainedy mostof the available oceanobsenationsfrom 1992to 2002. Each
modeof variability will be consideredindependentlyandin combinationwith the others,in
orderto determindts relative contribution to thetotal variability, andto characterizerariability
in thisregion asfully aspossible.

In situ data,remotelysensedlata,andmodeloutputareusedin this analysis.Eachof these
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contributesto the overall descriptionof the region but hasits limitations. In situ dataprovide
direct measurementsf someaspectf the circulation, at speci ¢ times and locations,with
known uncertainty The main datasehereconsistof two repeatedracksof XBT data,a zonal
sectionfrom SanFranciscoCA, to Honolulu, HI, anda meridionalsectionfrom Valdez,AK,
to Honolulu,HI. Thesdinesarereferredio asPX37andPX38,respectrely (Figurel). Along
thesdines,spatialresolutionis high, but elsavhere,in situ measurement@resparseRemotely
sensedlataarealsoavailable. Thesedatahave good spatialandtemporalcoverageandreso-
lution, but provide informationonly at the surface;informationaboutthe subsurécestructure
mustbeinferredindirectly. A third informationsource modeloutput,alsohasgoodspatialand
temporalcoverageput resolutions lowerthandata.ln anattempto reduceuncertaintiesmod-
els have beendevelopedthat assimilatedatawhile maintainingdynamicalconsisteng. Here,
theresultsfrom the“Estimatingthe ClimateandCirculationof the Ocean”(ECCO)dataassimi-
lation effort (Stammeetal. 2002)will beused;seeKohl etal. (2005)for a detaileddescription
of the modelandthe assimilationapproach.At this point, uncertaintieof the estimatesare
unknowvn anddif cult to determine dueto limitationsin computerresources.One aspectof
the presentstudyis thereforeto determinethe model's skill whereobsenationsare available,
in orderto subsequentlysethe modelto study component®f the oceancirculationthat are
otherwisedif cult to obsenre. For that purpose the dataandthe modeloutputare compared
within our studyregion. They arethenusedin a combinedinterpretationto obtainthe most
comprehenske representationf theregion's circulation.

Thestructureof thepaperis asfollows: in Section2, we describghedataandmodelresults.
Section3 presentsnethodsof comparingthe modeloutputwith the data. Section4 describes
the meanstateof the circulationaswell asits variability, asderivedfrom both modelanddata.

Discussiorof theresultsis in Section5, andconclusionsarepresentedn Section6.



2. Data and Model

2.1 XBTandSatelliteData

The primaryin situ datasourcein this analysisis the High ResolutionExpendableéBathyther
mograph(HR_XBT) Program. XBTs are deployed from merchantshipsalong commercial
shippingroutes.The dataconsistof temperaturgro les, with anominaldepthof 800 m, hav-
ing high along-trackresolutionof 30-50km in the openoceanand 10 km nearboundariesor
interestingfeaturessuchastheroughtopographyof the HawaiianRidge. Thetemporalresolu-
tion of approximatelyfour cruisesperyearis only maginally adequatéo resole the seasonal
cycle, but shouldbe sufcient to resole low-frequeng variability, with the caveatthattempo-
ral aliasingandeddynoisecanmasklong-periodchangesOn eachcruise thereareoccasional
expendableconductvity-temperature-depttiXCTD) castswhich provide salinity information
for the calculationof density Their spatialresolutionis lower, approximatelyonecastper500
km. Processingf 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 describedn detailby Gilsonetal. (1998).Datacollectionbeganin 1991on
line PX37and19930n line PX38andcontinuedo the presentdatathrough2002areusedin
thisanalysis.

Satellitealtimetry, which provideshigh temporalandspatialcoverageunavailablefrom in
situ data,is alsoemployedin this project. Seasurfaceheight(SSH)hasbeenmeasuredontin-
uouslyby TOPEX/PoseidorfT/P) since1992. Precisegeoidinformationis not yet available,
so absoluteSSH cannotbe determined.However, SSHanomalyis well suitedfor studiesof
variability. The presenstudyis basedon amergedSSHproductfrom T/P, ERS-1,ERS-2,and
Jasonprovidedby Aviso (Ducetetal. 2000). This productis anobjectve analysisn spaceand
time of all thosedatasetsontoaregularspatialgrid with 1/3-degreeresolutionandatime step

of sevendays. For our analysis,we createdmonthly mean elds by averagingthe seven-day



grids.

2.2 Model

Themodeloutputusedhereis obtainedoy the ECCOProjectby constraininghe ECCOmodel
with mostof theavailablebasin-andglobal-scaledatasets. Thegoalof oceandataassimilation
is to synthesizen situ andsatellitedatawith thedynamicsembeddedh oceamrmodelsto obtain
the bestpossibledynamically consistentdescriptionof the changingocean. Stammeret al.
(2002)provide detailsof theassimilatiorapproachTheassimilationvasperformedonaglobal
1 grid overtheperiod1992through2002by bringingthe ECCOmodelinto consisteng with
the oceandatausingthe model's adjoint. Dataconstraintancludedsatellitealtimetry, surface
drifter velocities,and hydrographidanformationfrom conductvity-temperature-depthensors
(CTDs), moorings,and oats (Kohl et al. 2005). In addition, monthly meansof temperature
andsalinitywereconstrainedy the Levitus 1994hydrographicelds (LevitusandBoyer 1994;
Levitusetal. 1994). Themodel'sinitial conditionsanddaily surfaceforcing elds wereadjusted
to bringthemodelinto consisteng with mostavailabledatasetsThemodeldrift in temperature
andsalinity overthe 11 yearperiodwasalsoconstrainedat eachgrid point to avoid numerical
drift away from obsenedhydrographiaconditions.

The ECCOmodeloutputusedhereis providedonagloball grid asmonthlyaveragesver
thell-yearmperiod. Temperaturesalinity, seasurfaceheight,andall componentsf thevelocity
eld areincludedin the output. Becausehe surfaceforcing requiredto bring the modelinto
consisteng with the datais estimatedduring the assimilationprocedure surfacewind stress,
heat ux andfreshwater ux arealso part of the solution. SeeStammeret al. (2004) for a

discussiorof the quality of the estimatedsurface ux es.



3. Approach

Comparisonbetweerdataandmodelresultsarean essentiaktepin gaininganunderstanding
of theskill of themodelaswell asits limitations. However, performinga meaningfulcompar
isonis complicated.Theinherentdifferencedetweenvhatwasmeasuregndwhatthe model
resohesmustbe considered.The oceancontainsvariability from processesaking placeon a
wide rangeof spatialandtemporalscales,and XBT castsare quasi-synoptiqoint measure-
ments.In contrastmodel elds have 1 spatialresolution;eddiesandothermesoscaléeatures
arenotresohableonthesescales.Temporalvariability is furtherreducedy the useof monthly
means.Thusthemodel elds aresigni cantly smoothethanthedatain bothtime andspaceln
addition,althoughsomedrift in temperaturer transportmight occurin the oceanconstraints
reducethe drift in the model. It is importantto keepthis in mind whenevaluatingthe model's
performanceagainstongtime-scalesn thedata(seeKohl etal. (2005)for adetaileddiscussion
of long-termchangesn the model).

Velocityis calculatedrom XBT castdby combiningtemperatureneasurementsith histor
ical salinity, correctedwvith XCTDs, to determinedensity(seeGilsonetal. (1998)for details).

Horizontaldensitygradientsaareusedto calculatecross-traclgeostrophiaselocities,as:

o " dp= v 1 (1)
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Here isthedensity p isthepressureandf isthe Coriolis parameterFor comparisonmodel
temperaturendsalinity elds wereinterpolatedonto the samelocationsasthe data. Thein-

terpolatednodel elds wereusedto calculategeostrophianodelvelocities,which aredirectly



comparabldo the geostrophiovelocitiescalculatedirom the data. In addition,the modelhas
completevelocity elds that include an ageostrophicomponent. For eachXBT track, the
componenbf modelvelocity perpendiculato the track wasextracted,andcomparedwith the
geostrophioselocitiescalculatedrom the modelandthe data. Thesecomparisonseveal both
the magnitudeof ageostrophicomponentsuchas Ekman o w, andthe differencebetween
dataandmodelresults.

Geostrophioselocitiesarecalculatedrelative to a “level of known motion” (po in Equation
2) of 800 m, the nominalmaximumdepthof the XBTs. Velocitieswerecalculatedrelative to
zero o w at800m, andalsorelative to modelvelocity at 800 m. The model's verticalvelocity
elds were usedto determinewhich of thesetwo calculationsresultedin a more physically
consistenpicture. If upperlayervolumeis corveringin the box, verticaltransportshouldbe
downward, out of the box. This would leadto anticorrelatiorbetweenhorizontalandvertical
transport. Correlationswere higher when the referencevelocity was taken from the model
elds. As aresult,all transportshavn below arecalculatedrelative to the model's velocity at
800 m. Figure 3 shaws the magnitudeandvariability of the componenbf transportresulting
from thevelocity at 800 m. Fig. 3

Ocearvelocitiesandtheassociatettansporicanbe decomposeahto ageostrophicompo-

nent(T,), anEkmancomponen(Tg), andaresidualageostrophicomponen(T,).

T=Tg+ Tex+ Ta (3)

Theleft-handside(T) canbecalculatedirectly from modelvelocity elds. However, only the
rst termontheright-handsidecanbedeterminedrom thedata.Geostrophicolumetransport

isthe ux of volumethroughanareadueto geostrophiaelocities.

Z

Ty= vy dA (4)
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Thesecondermontheright-handside,the Ekmantranspori(Tg), canbe calculatedrom the

ECCO-estimatesvind stressaccordingto:

y X

Tee= (TR T2 = (45 —) ©)

Here, is seavaterdensity f is the Coriolis parameterand Y and * arethe component®f
wind stress. For our analysis,the wind stresswasinterpolatedto the XBT lines, the Ekman
transportwas calculatedat eachlocationalongthe line, and the componentf this transport
normalto the ship track was subsequentlgxtracted. This cross-trackEkmantransport(Tgy)
hasamagnitudeof 1.4 0.65Sv (1 Sv= 1 Sverdrup=10°m3s 1) online PX37and0.56 0.68
Svonline PX37. The non-Ekmanageostrophicomponenof transport(T,) wascomputedas
theresidualthatremainsafterthe geostrophidT,) andEkman(Te) partswereremovedfrom
thetotal transport(T). T, is small,with a magnitudeof only -0.55 0.36Svon line PX37and
-0.16 0.39Svonline PX38.

In theremaindeof this paper cross-trackvolumetransportareestimatedn threewaysfor

eachcalculation.

Z 0
T, = vMdA (6)
7 0800
T, = (v§ + v™( 800))dA + Tey 7)
800
Z 0
T = (v + v™( 800))dA + Tey (8)
800

The rst estimate,T,, is basedon the cross-trackcomponenof the model's full velocity eld
(v™). Thesecondestimate T,, usesgeostrophiwelocitiesfrom thedata(vg), relative to model
resultsat800m (v (  800)), to determinecross-trackransport. Ekmantransport(Tg ), deter
minedfrom the model's wind stressjs addedto this quantity at eachtime step. For the nal

estimate T3, geostrophiwelocitiescalculatedrom modeloutput(vg'), relative to modelresults



at800m, areusedto estimateransport.As with the estimateéfrom data,an Ekmancomponent
is added.

Model outputis linearly interpolatedn spaceto the locationsof the XBT castsusingthe
monthclosesto thetime of theobsenations.Duringthecomparisonsf resultsfrom themodel
andthe data,only thosemonthswhen XBT dataare available are considered.During 1992-
2002,42 sectionsalongline PX37 and 30 sectionsalongline PX38 wererecorded.Although
the cruisesare approximatelyevenly spacedn time, it is possiblethat somefeaturesof the
0 w aremisrepresentedr missedentirely asa resultof thelow samplingrate. An estimateof
temporalaliasingin theXBT datasetanbeobtainedoy comparinghefull time seriesof model
outputwith the sametime seriessubsampleat the monthswhendataareavailable.In general,
the main featuresof the time seriesareretainedby the subsamplederies.We note,however,
thatthis estimatedoesnotincludethe effectsof mesoscaleddies.

Sincethis analysisis focusedon interannualvariability, it is helpful to accentuatdower
frequenciedy Itering out higherfrequeng components.Monthly estimatesvere produced
throughlinear interpolationof the dataand high-frequeng variability was subsequentlye-
movedwith a 12-pointrunning Iter . Model outputwasprocessedhe sameway: it wassub-
sampledo themonthswhenXBT dataareavailableandsmoothedvith a 12-month Iter . The

following discussiomwill bebasednthosesmoothedesults.

4. Circulation

Figurel shavs the meantransportstreamfunctionn the top 800 m, ascalculatedrom model
output. Transportfrom the full modelvelocity eld is integratedacrosshe region, relative to

zeroatthecoastaccordingto

zZ, zZ,

(xy)= Tu(x; y9dy°®= T, (x5 y)dx® 9)

coast coast
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Thestreamfunctioms computedverall monthsvhenXBT dataareavailableduringtheeleven-
yearperiodcoveredby themodel,1992-2002 The expectedwo-gyrestructures evident,with

the easterrhalf of the anti-gyclonic subtropicalgyre covering the basinbetweenlatitudesof

aboutl5 N and45 N, andthe cyclonic subpolargyre mostly containedwithin the Gulf of

Alaska. About 15 Sv aretransportedy the subtropicalgyre, while the subpolargyre carries
about9 Sv. Becausdransportfrom the XBT datacanonly be computedacrossshiptracks,the
spatialstructuredepictedin the gure cannotbe comparedo datadirectly. Comparisonsare
limited to cross-trackransports.

Figure4 shows uppetlayer (0 - 800m) cross-trackvolumetransportasa function of time.
Transporiacrosdine PX38 (around9 Sv), transportacrosdine PX37 (around-9 Sv), andtotal
lateral transportinto the box (PX37+PX38)are shavn. Eachquantityis estimatedrom the
full model eld, from the datausinggeostrophyandfrom the modelusing geostrophy(see
e(s.6-8). Positive valuesindicate o w into the box (northward o w acrossPX37 or eastvard
o w acros$PX38). Thelargemagnitudeof interannualariability in theregionis apparentNet
transportacrosX38is positve,dominatedoy the eastvard- owing NPC,while nettransport
acrossPX37is negative, dominatedby the subtropicalgyre exporting waterfrom the region.
Data-basecstimatesf the time-meangyre transportdeterminedrom cross-trackransports
give resultssimilar to thosefrom the model transportstreamfunctionn Figure 1: about18
Svin the subtropicalgyre andabout9 Sv in the subpolargyre. The netupperlayertransport
into the box estimatedrom the full 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 thatin the time-mean,volumeis balancedn the box. Geostrophic
estimate®f horizontaltransportaresigni cantly larger: 2:39  1:79Svin thedata,and1:73
1:.09 Svin themodel. This suggestshatthefull ow elds arerequiredfor budgetestimates.

Acrossline PX37,geostrophiaipperlayertransporin themodelcloselymatcheghatin the

data,with aroot-mean-squaréRMS) differenceof 0.88 Sv. The estimatefrom the full model
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velocity alsoagreeswvell with the data,with an RMS differenceof 0.77 Sv. In contrastthere
are substantialdifferencesbetweenmodel- and data-basedransportestimatesacrossPX38.
The geostrophianodelestimates slightly closerto the data(RMS differenceof 1.91Sv) than
the estimateusingthefull velocity eld (RMS differenceof 2.08Sv). A local minimumin the
modelestimatan 1994is not seenn the data,while a peakin the dataestimateduring 1998is
entirely missingfrom the modelestimates.Thesedisparitiesresultin large differencesn total
transport.

In orderto examinethe differencesdbetweenthe dataandthe modelalongline PX38, we
dividedtheline into threesegments distinguishedy the directionof o w (seeFigurel), and
calculatedransportfor eachsection. The northernmossectionis the AlaskaCurrent(AKC).
This westward- owing current,north of about54°N, is the upperarm of the subpolargyre.
Southof the AKC, theNorth Paci ¢ Current(NPC)is the broadsectionof eastvard o w. The
lower boundaryof the AKC, de ned asthe point separatingvestward AKC o w from east-
wardNPC o w, is constantn time. The o w turnswestagainsouthof about30°N, in theNorth
HawaiianRidgeCurrent(NHRC).To nd theboundarybetweertheNHRC andtheNPC,trans-
portwasintegratedalongthetrack, startingfrom Hawaii. Theminimumin integratedtransport
marksthepointwherethecurrentschangdgrom o wing westwardto o wing eastvard,andthus,
the southerredgeof the NPC. This locationis highly variable,especiallyfor dataestimatef
transport. If the boundarybetweenthe NPC andthe NHRC is not determinedcorrectly dis-
crepanciesould appearin the transportestimateghatdo not re ect the informationin either
thedataor themodel. Fig.5

Figure5 shavstransporestimatedor all threesectionsin the AKC, shavn in Figure5(a),
thereis reasonableagreemenbetweemrmodelanddataresults. Both tendeng and magnitude
agreefor mostof thetime series. The RMS differencebetweerthe dataandmodelgeostrophic
estimateds 0.56 Sy, andinstantaneouslifferencegarely exceedone Sverdrup. This region

shows the largestdifferencesbetweenthe estimatefrom the full model eld andthe model
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geostrophiestimatejndicatingthelocal importanceof friction terms.

Differencesrelargerin the NPC (Figure5(b)). Themaindifferencebetweerthe estimates
is thatthe magnitudeof the dataestimateis approximatelyd Sv largerthaneithermodelesti-
mate. The slopesaresimilar throughouthe time seriesandall threeestimatesapturea large
increasean transportbetweeril995and1999. The standardieviation of the differencebetween
the modelgeostrophiestimateof transporiandthe dataestimates 0.81Sv. Thelarge biasbut
small standarddeviation suggestghatthereis no fundamentatifferencebetweenmodeland
datain thestructureof variability. Detailsof thelocationof theboundariebetweerthecurrents
couldleadto thebias.

In thesouthernmostegmentof PX38,theNHRC, botha biasanda structuraldifferenceare
evident(Figure5(c)). Thedataestimatdas biasedhigh, by approximately2 Sv. It is interesting
to notethatin this case,asin the NPC, the magnitudeof the dataestimateis larger thanthe
magnitudeof themodelestimatesHowever, whenthesumof NHRC andNPCtranspori@across
PX38 is consideredthe magnitudesof dataand model estimatesare similar (seeFigure 4).
Unlike the NPC, the slopesof the estimatesio not matchfor the NHRC. The mostsigni cant
discrepang occursin 1998, when the magnitudeof transportsuigesin the model estimate
but decreasesharplyin the dataestimate. We notethatit is this discrepang in the NHRC
estimatethatleadsto the large differencebetweemtmodeland dataestimateof total transport
(seeFigure4). In this region, the synopticnatureof in situ datacould have a large effect on
data-base@stimates.Previous obsenationshave demonstratedhat “the NHRC appearsand
disappearsn timescaleof lessthanonemonth” (Bingham1998). As a result,in this region,
monthly meansmay not be adequatdéor comparisonsvith synopticdata.In addition,comple
small-scaledynamicsoccurin this region asa resultof the roughtopographyof the Hawaiian

ridgethatarenotresohedby themodel's one-dgreegrid.
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5. Modesof Variability

It is evidentthatthereis strongvariability in the uppetlayercirculationin thisregion. In order
to explorethevariability andpossiblecovariability of thetwo gyres,we compareheirtransports
(Figure6). For thiscomparisonthesubtropicaljyreis de ned asthesumof thetransportcross
PX37 andthe transportacrossthe southernmossegmentof PX38 (the NHRC). The subpolar
gyreconsistf the AKC seggmentof PX38. Sincethe NPCtransporicontritutesto bothgyres,
andits bifurcationis undetermine@ndpossiblyvariable,it is notincludedin eithergyre. In this
way, it is possibleto distinguishchangesn the gyresfrom changesn the NPC. All estimates
in Figure6 shawv large variability. In the subpolargyre, dataandmodelestimatesaresimilar,
but in the subtropicalgyre thereare signi cant differences. Data estimatesof the gyresare
uncorrelatedvith eachother but thereareweakpositive correlationdetweerthegyresin both
themodelgeostrophiestimatgr=0.24)andthefull modelestimatg(r=0.44). This indicatesa
relationshipgbetweerthegyresin themodelthatis fundamentallydifferentthantherelationship
in thedata. Fig.6
Onepossiblemodeof variability, illustratedschematicallyn Figure2(a),assumeaconstant
NPC, and attributesthe variability of transportin the gyresto changesn the bifurcation of
theincoming o w. This would leadto anticorrelationbetweenthe two gyres;anincreasen
southvardtransportwould correspondo adecreasé northwardtransport Althoughthe NPC
is notconstantits bifurcationcanstill modulatehegyretransportsin orderto isolatetheeffect
of the bifurcation,thetransportin eachgyre mustbe normalizedby the magnitudeof the NPC
ateachtime step. Fig.7
Figure7 shonvsthenormalizedgyreestimatesor equivalently, thefractionof NPCtransport
in eachgyre. Correlationcoefcients of thesetime seriesare-0.54in thedata,-0.39in thefull
model,and-0.34in the geostrophianodel. This negative correlationin all casesndicatesthat
achangadn bifurcationis occurring. Thetime scaleof thevariability is approximately years.

Theanticorrelatioris mostevidentin late 1997 whenasigni cant El Nifioeventoccurredn the
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| | Subpolagyre | Subtropicaigyre |

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

Tablel: CorrelationdbetweerNormalizedGyretransportandthe SOI

tropical Paci c. A minimumin the normalizedsubtropicalgyre transportshowvn in Figure7,
is in agreementvith previous studiesof transportin the California Currentthat associatetl
Nifio eventswith decreasetiorizontalcirculation(Cheltonetal. 1982). Previous studiesof El
Nifio connectionswith the subpolargyre have beeninconclusve (McGowanet al. 1998), but
Figure 7 shavs a concurrentpeakin normalizedsubpolartransport. To determinethe extent
to which the presentanalysissupportsa connectiorbetweerthe bifurcationof NPC transport
and El Nifio, correlationcoefcients were calculatedbetweenthe SouthernOscillation Index
(SOI),apressure-basdddex whichis relatedto the El Nifio signal(Trenberthand Sheal 987),
andthe normalizedgyretransportyseeTablel). In bothgyres,all estimateshawv signi cant
correlation.

Gyretransportxouldalsocovary with the magnitudeof the incomingNPC transport(Fig-
ure 2(b)): the transportin eachgyre would increasewhenthe incoming transportincreased.
Figure8 showns the magnitudeof the transportof the NPC (theincoming o w) andof eachof
thegyres. As in previous plots, the estimatesf the subpolargyre transportagreefairly well.
Dataestimate$or NPCtransporiandsubtropicalyyretransporiaregreateithanthemodelesti-
matedfor the samequantities.In the NPC,thedifferences a simplebias,butin the subtropical
gyre thereis substantiallymore variability in the dataestimatethanin eithermodelestimate.
However, evenin the dataestimatea long-termupwardtrendis evidentin boththe subtropical
gyre andthe NPC. Correlationis apparentetweenthe NPC and the subpolargyre aswell:
the main signalin the subpolargyre is a peakin 1998 which also appearsn the NPC. The
correlationsof NPCwith gyretransportsareshovn in Table2. Fig. 8

The mostsigni cant signalin this time seriesis the long-termincreasan NPC transport.
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| | Subpolagyre | Subtropicaigyre |

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

Table2: Correlationdbetweergyretransportmagnitudesandthe magnitudeof the NPC

Thisrobustsignalis obsenedin all threeestimate®f transporiseeFigure5(b)), andindicates
changeon time-scaledongerthanthe 4-yearsignalin the bifurcation. Previous researcthas
suggestedhe possibility of decadalariationin this region (e.g. McGowanet al. (1998)and
Cheltonetal. (1982)),andtheincreasen NPCcouldsupporthesetheories Figure9 shovsthe
transportstreamfunctionfrom the model,averagedover the two time periods1992-1995and
1999-2002.The subtropicalgyreis signi cantly strongerin the latter period,but the subpolar
gyreremainsessentialljunchangedThe changen streamfunctions shavn in Figure9(c).

For aregionin Sverdrupbalancethevertically integratedmasstransportcanbe calculated

from thecurl of thewind stressas:

Z

HV: " i % @S

@ @ = (10)

Here X s andYs arethe zonaland meridionalcomponent®f wind stressrespectrely. Using

Equation10, thedifferencen Sverdruptransporbetweerthetwo time periodswasdetermined.

Theresultis shavn in Figure9(d). The similaritiesbetweenFigures9(c) and9(d) supporithe
hypothesighatthelarge-scalechangesn the model's transportstreamfunctiorarelargely due
to long-termchangesn thelocal wind forcing of the eastNorth Paci c.

The modesof variability describedso far have beenbasedon the premisethat massis
constanin the upperlayer of the box, sothatthe transportout of this layer mustbe the same
asthe incoming transport. However, if masswere storedin the upperlayer, the variability
of outgoingtransportwould be independenof the incomingvolume,asin Figure2(c). This

possibilitycanbeexploredby consideringSSH.Therearetwo processethatcontrituteto SSH
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variability: changesn stericheight,which resultfrom densitychangesandchangesn mass
storagein aregion, i.e., uncorrelatedo ary densitychange. Stericheightchangeq h) are
determineds:
YA 0

] (T;S;p)dp (11)

QlpR

Hereg is gravitationalacceleratiorf9.8ms 2), is speci ¢ volumeanomalyandpis pressure.

Figure 10 shaws a time seriesof stericheightanomaliesfrom the top-to-bottommodel eld,
averagedover the wedge-shapedegion shovn in Figurel. SSHfrom the model outputand
from Aviso dataare alsoplotted. Interannuablariability of morethan3 cm is apparent.The
high correlationbetweenstericheightand SSHshaows that changesare mainly dueto density
variability ratherthanmassstorage An exceptioncanbefoundin 1997 whentheSSHanomaly
asmeasuredby themodelandby Avisois almostacentimetehigherthanstericheightanomaly
would suggestindicatingnetmassstoragan the box. We notethatin this region, themodel's
densityis morestronglydependenon salinity thantemperaturethe correlationbetweeratime
seriesof halo-stericheightandstericheightis -0.92 (highersaltleadsto higherdensitywhich
leadsto lower stericheight),while thecorrelationbetweerthermo-steriheightandstericheight
isonly 0.31.A comparisorwith in situ datafrom Line P con rms thatthe salinity signalin the
modelhasskill andsuggestshe needfor morein situ salinity measurement® studytheNorth
Paci ¢ andto constrairmodels.

Figure 4 shaws that the total time-meanhorizontalupperlayer transportinto the box is
not zero. The downwelling transport,calculatedfrom the model elds of vertical velocity,
accountdfor -1.00 0.88 Sv of transport. Whenthis is addedto the horizontaltransport,the
resultis anetin ow of 0.02 0.61Sv. In themodel,then,horizontaltransportinto the box in
the upperlayeris balancedoy vertical transportinto a deeperayer andthenhorizontaldeep
transportout of the region. As Figure4 illustrates,the temporalvariability of this processs
strong. The questionof how this variability propagatemto the deepelayersof the oceancan

be consideredisingthe models velocity elds. Whenthe transportis calculatedfor the full
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depthof the ocean following the sameprocesf subsamplingo XBT months,interpolating,
andthenusinga 12-point Iter , thetransportinto theboxis 0.34 2.3 Sv. Thelarge variability
of this quantityis surprising.If, insteadof subsamplingall monthsof modeloutputareused,
thetransportinto theboxis -0.88 0.77 Sv. The reducedvariability, signi ed by low standard
deviation, illustratesthat the subsample-and-interpolateethodusedthroughoutthis analysis
hasthe potentialto exaggeratesomesignalsand minimize others. This possibility, an effect
of aliasing, cannotbe corrected. Thereis still a slight negative biasin the full time series
calculation. If the wedgede ned by the XBT linesis replacedby a squarebox, suchasthat
outlinedin dashedinesin Figurel, the needfor spatialinterpolationof the velocity vectorsis
eliminated,andthe time-meantransportinto the box decreaset 0.1 0.02Sv. Theseresults
emphasizehatcautionmustbe usedwhendraving conclusionsaboutthe natureof variability
from datawithout including modelinformation, or from model outputwithout validation of

data.

6. Conclusions

The objectie of this work wasto analyzehigh resolutiondatasetsogetherwith a coarseres-
olution dataassimilatingmodelin orderto provide animproved descriptionof the meanand
time-varyingcirculationof the Northeasfaci ¢ from 1992-2002 Both the modelandthe data
agreein that, on average,in the upper800 m, about25 Sv o w eastvardin the North Paci c
Currentbetweenatitudes30 N and52 N. This broadeastvard currentbifurcateswestof the
North Americancoastalong47 N. About 8 Sv turn northandfollow the coastlineof the Gulf
of Alaskainto the AlaskanCurrent,while the remainingl7 Sv turn southandthenwestin the
subtropicalgyre. The broadgyre circulationreachessfar southas15 N, whereit joins the
North EquatorialCurrent. The o w thatrecirculatesorth of Hawaii is referredto asthe North

Hawaiian Ridge Current. This currenthasan averagemagnitudeof about9 Sy, but its stan-

18



darddeviation is 2.5 Sy, or morethan25% of the magnitudeof the o w, indicatingvery high
variability.

The largestinterannuakignalobsered during this period,andalsosimulatedby the data-
constrainednodel,wasthe increasen the transportof the NPC, andthe associatedntensi -
cationof the subtropicalgyre. This signalis obsened asarise in NPC andsubtropicalgyre
transporimagnitudeghroughthe rst half of thetime seriesasillustratedin Figure8. Stream-
functionsin Figure9 demonstratéhe structureof theincreasen the strengthof the subtropical
gyre. This evolutionis associatedavith changesn the curl of thewind stress.Thedifferencen
four-yeartime-meammapsof Sverdruptransportascalculatedrom the curl of thewind stress,
hasthe samestructureasthe differencein the streamfunctiorfor the sametime periods(Fig-
ures9(c) and9(d)). The vertical structureof this changeis illustratedby the sectionsof mean
velocity alongPX38 prior to andafterthe changgFigure11). After smoothingthe dataover 4
degreesdifferencedbetweermodelanddataarestill evident. Model outputis smootherandthe
small-scalestructurein the datarepresentdoth unresolhed structureand noisefrom temporal
aliasingof thein situ measurementd-dowever, both dataand modelstill showv intensi cation
of the jet structureat the southernendof the line andanincreasdn the large-scaleéncoming
transportbetweenabout40 N and50 N. This signalis an exampleof the “NPC-dependent
variability” illustratedin Figure2(b).

On ashortertime scale,covariability betweernthe gyresindicative of changesn the bifur-
cationof theincomingcurrentis evident. This is the patternsuggestedy Cheltonand Davis
(1982)asdepictedin Figure2(a). To obsere this, we comparethe out ows of the two gyres.
Net transportacrossPX37 is the part of the subtropicalgyre water that doesnot recirculate
north of Hawaii, andhenceis the partclosestto the Californiacoastdesribedoy Cheltonand
Davis(1982). The AKC playsthe samerole in the subpolamgyre. Model anddataestimate of
thesetransportsareshown in Figure12. Anticorrelatedvariability on a 3-4 yeartime scaleis

evident. Thelargestincreasan subpolargyre strengthoccursat the peakof the 1997-1998E|
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Nifio event. Similarly, whenthefractionof NPCtransporin eachgyrewasconsideredanother
indicatorof bifurcationvariability), a correlationwith the SOl wasnoted. This is indicative of
apossibleteleconnectiomf the subpolaregionswith thetropics.

The third modeof variability illustratedin Figure 2, the storageof upperlayer volumein
thebox, is not evidentin this region of the ocean.Model seasurfaceheight,satellitealtimetry;
and steric height calculatedfrom the model's temperatureand salinity elds areall in good
agreement.Thereis a signi cant changen stericheight,whichwe nd to be mainly aresult
of changesn salinity ratherthantemperature.The importanceof salinity in the large scale
changesn this region underscoreghe needfor morein situ measurement® obsene change
andhelpconstrainmodels.

Overall, theagreemenbetweerthe modelandthe datawasgoodwith somenotableexcep-
tions. To someextent, this is to be expected sincethe assimilationapproachdid incorporate
the samedatawe compareagainst.However, asdiscussede Kohl et al. (2005),the underly-
ing ECCOsolutionto rst orderwasnot constrainedy the XBT pro le datasetwe usehere,
but by the climatologicalhydrographythe altimetry and other surfacedata. Taking this into
account,our comparisoncan be seenasa quasi-independertheckof the consisteng of the
ECCOsolutionwith in situ data.

Along line PX37 andin the AlaskaCurrentregion, dataand modelestimatesagreedvery
well bothin their meanandtime-varyingcomponentsHowever, problemsin determiningand
resolving the boundarybetweenthe NPC and NHRC led to differencesin meanand time-
varyingtransportdetweerthedataandmodel. Whenthe estimatearesummedthe meanbias
essentiallydisappearsTheoffsetsshovn in Figs.5(a)and5(b) thereforehave to be considered
someavhatarti cial.

More problematicis the factthat dataand modelbasedransportestimateshaw different
temporalvariability, particularlyin the NHRC. To rst order this indicatesthe needfor more

spatialresolutionin the model simulations: the model hasonly a one-dgreeresolutionand
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is thereforenot ableto properlysimulatethe currentsaroundHawaii or ary othertopographic
feature.lt is worth recalling,however, thatXBT datahave fairly high spatialsamplingdensity
but areavailableonly onceevery quarter This temporalsamplingis not adequatandwill in-
evitably leadto aliasingof theenegeticeddy eld. Therespectreerrorsin thein situ estimates
have to betakeninto accountduringour comparison®etweemmonthly meansof modeloutput
andquasi-synoptishipboardneasurementd helack of properin situ salinity obsenationsis
yetanothersourceof errorsin the data-basedstimates.

Givenall thoseuncertaintiesn thein situ andthe modelestimates,nding essentiallythe
sametime-meanand time-varying transportestimatedrom both sourcess very encouraging
andcon rms that using a high-resolutiondataassimilationapproachas part of an observing
andsynthesisystemis a goodstrateyy to obtainthe bestpossibleestimate®f obsenableand

unobserablequantitiesof the oceancirculation.
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Figurel: Areaof study Shown is the meantransportstreamfunctiorin the top 800 m asit
resultsfrom the ECCO1 optimizedsolution(seetext for details). XBT lines,shavn assolid,
de ne the edgesof the part of the NE Paci ¢ underconsideratior(the “box”). Line PX37is
from Honolulu, HI, to SanFrancisco,CA, andline PX38is from Honolulu, HI, to Valdez,
AK. The main component®f circulationalong PX38 areindicated. Theseincludethe North
Paci ¢ Current(NPC), Alaska Current(AKC), andNorth Hawaiian Ridge Current(NHRC).
The dashedines indicatea squarebox usedto estimatethe effectsof spatialinterpolationon
thecalculations.
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Figure2: Possiblenodesof variability of thenorth-easPaci c. In (a),theamountof incoming
waterremainsconstantbut the ratio of transportgoing north to that going south,changesn
time; outputvariability dependn the bifurcation. In (b), the volume of water enteringthe
box changesandtransportin eachof the two gyreschangegroportionately In this casethe
north/soutlratio is constaneandoutputvariability depend®nly on input variability. In (c), the
volumeof upperlayerwaterleaving the boxis notthe sameasthe volumeenteringthe box. In
this caseupperlayerstoragen the box or netout ow occurs.
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(a) 800 m Transports, PX37
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(b) 800 m Transports, PX38
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Figure3: Componenbf transportresultingfrom usingthe modelvelocity at 800 m asarefer

encevelocity insteadof zero,acrosdines (a) PX37 and(b) PX38. In eachcase thethin solid

line shows the time seriesof monthlytransportestimatesThe thick solid line showvs the same
time series subsampleét only thosemonthswhenXBT dataareavailable. Thethin andbold

dashedinesshown thesameresultsfor thefull andsubsampletime seriesaftersmoothingusing
al2-monthrunningmean.
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Volume Transport Into Box
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Figure4: Volumetransportinto the box. The top threelines aredifferenttransportestimates
acrosX38abore800m, thebottomthreelinesarerespectietransporestimatesacros$X37,
andthemiddlethreelinesarethenettransporestimatesibose 800m into thebox. Dashedines
aretransportestimatesesultingfrom the modelfull velocity elds, solid lines represenesti-
matesrom geostrophicselocitiescalculatedrom data,anddottedlinesaretransportestimates
basedon geostrophiovelocitiescalculatedfrom the model. All geostrophiestimatesusethe
model's velocity asa referencdevel at 800 m. Ekmantransport,calculatedrom modelwind
stresshasbeenaddedto the geostrophiestimatewf transportandare part of the full model
estimatesaswell.

28



(a) AKC Transport
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Figure5: Volumetransportabose 800 m acrosshethreesectionsof PX38. (a) is thetransport
throughthe AlaskaCurrent(AKC), (b) is the North Paci ¢ Current(NPC)and(c) is the North

Hawaiian Ridge Current(NHRC). SeeFigure 1 for the location of thesecurrents. Dashed
linesaretransportestimategesultingfrom the full modelvelocity elds, solid linesarebased

on geostrophict Ekmantransportfrom data,anddottedlines represengeostrophict Ekman
transportrom modeloutput.
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Figure6: Estimateof volumetransportsn the subpolargyre (AKC) andthe subtropicalgyre
(PX37+NHRC).The solid lines are the estimatedrom the data,the dashedines are the es-
timatesfrom the model velocity elds, and the dotted lines are the estimatesfrom model

geostrophiorelocities.
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Normalized Gyre Transport
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Figure7: Similarto Fig. 6, but shoving the gyretransportsvhich have beennormalizedby the

amountof the instantaneousmcomingtransportthe NPC). Dashedinesrepresentnodelesti-

matesfrom thefull velocity elds, solid linesindicatedataestimatesanddottedlinesindicate
model geostrophicestimates.As beforethe Ekmantransportsvere addedto the geostrophic
estimates.
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Transport Magnitudes
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Figure8: Magnitudesof theincomingNPCtransporiaswell asthetwo gyres(subtropicaland
subpolar).Dashedinesshawv resultsbasednthetotalmodelvelocity eld estimatesSolidand
dottedlines shav data-andmodel-basedjeostrophiestimatesrespectiely. Ekmantransport
hasbeenaddedo bothgeostrophiestimates.
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(a) Transport Streamfunction, 1992 1995, Cl=2Sv
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(c) Change in streamfunction, Cl=1 Sv

15

10

200 220 240

(b) Transport Streamfunction, 1999 2002, Cl=2Sv
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(d) Change in Sverdrup Transport, C1=1 Sv
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Figure9: Fouryearaverageof streamfunctiomepresentinghe period(a) before(1992-1995)
and(b) after(1999-2002thechangean NPC.Thedifferencebetweerstreamfunctiorestimates
is shavnin (c). Panel(d) shavs thedifferencein Sverdruptransportasit resultsfor the same
periods,usingECCOwind stressestimatessmoothedver 6 degreedatitude
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Area averaged SSH
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Figure10: Estimatedstericheight(solid line) calculatedrom modeltemperaturendsalinity
elds overthefull modeldepthandaveragedoverthe box. Also shavn arespatialaverageof
themodel's SSH(dashedine) andof T/P SSHobsenations(dottedline). For eachestimatea
time-meanwasremoved.
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(a) Mean Velocities from data, 1992 1995
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(b) Mean VeIocmes from data, 1999 2002
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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)xhe changein NPC. (a) and(b) are XBT datavelocities,beforeandafterthe
changerespectiely. (c) and(d) aremodelvelocities,beforeandafterthe changerespectrely.
Shadedareasarewestward velocitiesandlight areasareeastvard velocities. In all panelsthe

contouringinterval is 0.01m/s.
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Transport in AKC and CA Current
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Figurel12: Anticorrelatedvariability of transportin the AlaskaCurrentandthe CaliforniaCur-

rent (the net transportacrossPX37 is consideredo be the California Currentin this case).
Both dataand model estimateshow clearanticorrelationwith AKC strengtheningvhenthe
Californiacurrentis weak,with time-scaleof variability of approximately8 years.
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