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ABSTRACT

A problemfor climatechangestudieswith coupledocean-atmospheremodelshasbeen

how to incorporateobserved initial conditions into the ocean,which holds most of the

“memory” of anthropogenicforcingeffects.Thefirst difficulty is thattherearenocompre-

hensive three-dimensionalobservationsof the currentoceantemperature(T) andsalinity

(S) fields to initialize to. The secondproblemis that directly imposing observed T and

S into the modelwould likely result in rapid drift back to the model climatology, with

the correspondingloss of the observed information. This problemis particularly acute

with anthropogenic forcing scenarios;sincethe forcing is secularlyincreasing,a mono-

tonicclimateresponseis probable,whichwouldbehardto distinguish from drift. For this

reason,anthropogenic forcingscenariostypically initializefuturerunsby startingwith pre-

industrial conditions,but this � 130yr spinup imposessubstantialoverheadif only a few

decadesof predictionsaredesired. Also, if the future climatedependson the detailsof

thepresentclimate,theninitializing themodelto observations mayprovidemoreaccurate

forecasts.A techniqueto addresstheseproblemsis presentedhere. In lieu of observedT

andS,assimilatedoceandatafrom anadjointmodelwereused.To reducetheproblemof

modeldrift, ananomalycouplingschemewasdevised.Thisconsistsof letting themodel’s

climatological (pre-industrial) oceanicandatmosphericheattransportsbalanceeachother,

while addingon the(muchsmaller)anthropogenicchangesin heattranportsincethepre-

industrial eraasanomalies.It is shown that this techniqueworksbecausetheanomalous

(dueto anthropogenicforcing) temperaturefields in the modelandobservationsaresim-

ilar in both patternandmagnitude. The result is modeldrift of no morethan0.2 C over

50years,which is significantlysmallerthantheforcedresponseof 1.0C. Theensembleof

runswith assimilatedinitial conditionsis thencomparedtoasetspunupfrompre-industrial

conditions; no systematic differenceswerefound. This is likely anothermanifestationof

thesimilarity betweenthemodelandobservations;amodelwith aworserepresentationof

thelate20thcenturyclimatemightshow significantdifferencesif initializedin thisway.



1. Introduction

The AcceleratedClimatePredictionInitiative (ACPI) is a DOE-sponsored project to

determinethe effectsof anthropogenic forcing on the world’s climate. Clearly this is a

questionwith broadscope,sothefull ACPI projectasenvisionedcouldeasilyconsumea

greatdealof resources.Ratherthanfund theentireprojectat once,it wasdeterminedthat

implementinga morelimited,proof-of-conceptexperimentwouldbevaluable.This led to

theproposalof thepilot-ACPIproject(alsocalledtheACPI demonstration project),which

would usethe sametechniquesandmachineryasthe full ACPI project,but appliedto a

morelimited setof final questions. Thispilot projectwouldencounterthesamedifficulties

expectedin the full ACPI project,but becauseof its smaller size,theproblemswould be

moretractable.Solutionsto theproblemsfoundin thepilot projectcouldthenbeapplied

to thefull ACPI project,enablingthelatterto progressmoresmoothly.

The objective chosenfor thepilot-ACPI projectwasa demonstrationof “end-to-end”

predictionof waterresourcesin thewesternU.S.over theperiod1995to 2050. By “end-

to-end”,it wasmeantthattheprojectwouldstartwith theobservedclimatestateat theend

of thetwentiethcentury, take into accountprojectionsof anthropogenic forcing (primarily

CO� andsulfates)for thenext 50 years,andconcludewith detailedpredictionsof hydro-

logical changesin the westernstatesexpectedby the year2050. Someexamplesof the

anticipatedfinal predictions includesnowpackdepth,snow coverage,andtime-dependent

runoff. This information couldthenbeusedby watermanagersto determineif therewere

potentially any problemswith watersupplyavailability in comingdecades.

Thepilot-ACPI projectconsistedof threespecificelementsto achieve this end-to-end

predictivecapability:

1. Initializing the coupledocean-atmospheregeneralcirculation model (O/A GCM)

with observedconditions.

2. Runningensemblesof thecoupledmodelfrom theinitial conditionto year2050and

beyondusing“businessasusual”(BAU) anthropogenicforcingscenarios.
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3. Downscaling the global model resultsusinghigh resolution regional atmospheric,

hydrological,andrunoff modelsto give impactsonwaterresources.

Thefirst objectiveof thisnoteis todescribethetechniqueusedtoaccomplishelement1,

theinitializationof thecoupledO/A GCM with observedconditions. Thesecondobjective

is to address,in a quantitative way, whetherinitializing to observationsresultsin different

climateforecaststhanobtainedfrom aspin-uprunstartingwith pre-industrialconditions.

This note is laid out as follows. The O/A GCM usedfor theseexperiments will be

briefly describedin section2. Therewerethreemaindifficultiesencounteredduringele-

ment1; thefirst problemwasthelackof comprehensive three-dimensionalobservationsof

theoceanictemperature(T) andsalinity (S) fields,whichweaddressedby usinganassim-

ilatedoceandataproductasa surrogate for observations(section3). Thesecondproblem

(deemedthemostscientificallydifficult) washow to introducetheobservedT andS fields

into thecoupledmodelwithout having drift thatwould obscurethesignalsof interest.An

anomalycouplingschemewasused,asdescribedin section4. Thethird problemwashow

to initialize the model to a near-neutralstatefor interdecadaland interannualvariability

(thosebeingnotof direct interestin this project)despiteinitializing to year � 1997,which

wasan unusuallystrongEl Nino year. This problemis describedin section5. After the

completion of pilot ACPI element2, we thenevaluatedwhetherthenew initializationcon-

ditionmadeany differenceto theclimate(section6); wefoundthatit did not,althoughwith

someimportantcaveats.Thenoteconcludeswith a discussionof thescientificquestions

left unansweredby thepilot project(section7).

2. The parallel coupled model

Thiswork usedtheParallelCoupledModel(PCM),version1 (Washingtonetal. 2000).

PCM is a stateof the art, fully coupledocean-atmospheregeneralcirculationmodel(for

moreinformationseehttp://www.cgd.ucar.edu/pcm).

Theatmosphericcomponentof thePCM is theCCM3 atmosphericgeneralcirculation

model (Kiehl et al. 1998), a spectralmodelusedhereat T42 resolution(equivalent to
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about280by 280km grid spacing).CCM3 includesa landsurfacemodelthataccountsfor

soil moistureandvegetation types,aswell asa simplified runoff scheme.A hybrid sigma

coordinateschemewith 18 layersis usedin the vertical, which allows terrain-following

coordinatesnearthesurfacebut seguesto pressurelevelshigherin theair column.

Theoceancomponentof PCM is theParallelOceanProgram(POP;Smithet al. 1992,

Dukowicz andSmith 1994),usedhereat a horizontalresolutionof 384 by 288 (roughly

2/3
�

resolution), with 32 vertical levels. Thevertical levelsareclusterednearthesurface

to improve resolutionof theimportantsurfacemixing processes.A displaced-polegrid is

usedin thenorthernhemisphereto eliminatetheproblemof convergenceof themeridians

in theArctic Ocean.

A dynamic-thermodynamicsea-icemodel basedon Zhangand Hibler (1997) is in-

cluded,with an elastic-viscous-plasticrheologyfor computational efficiency (Hunke and

Dukowicz 1997).Theice modelis formulatedon its own grid, whichhasa total of 320by

640gridpoints. Thegrid only coversthepolar regions,andpointsaredistributedapprox-

imatelyequallybetweenthe northernandsouthernhemispheres(i.e., eachhemisphereis

coveredby a grid of about320x320points),giving a physical grid spacingof roughly27

km.

3. The assimilated ocean data set

An objectiveof thepilot-ACPIprojectwasto startwith thebestpossible estimateof the

actualclimatestatein the late twentiethcentury. This requirementwasimposedbecause

thewarmingtheclimatesystemhasalreadyexperiencedby theyear2000might have an

influenceon theclimate’s laterevolution. Ignoringthisearlierwarmingis oftenreferredto

asthe“cold start” problem(Hasselmannet al. 1993).

It is generallyassumed,at leasttacitly, thatstartingwith thecorrect,anthropogenically

warmedclimateof thelatetwentiethcenturyis important to predictionsof futureclimate.

This canbe seenby the universalitywith which future climatechangescenariosdo not

startout runningin thelatetwentiethcentury, but ratherin thelatenineteenthcentury(see

Schneider1996for further discussionsof this issue). The PCM historicalscenarios,for
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example,start in 1870 (Washington et al. 2000). Atmosphericvaluesof CO� are then

graduallyrampedupover thenext 130yearsto currentvalues,resultingin aclimatein the

1990sthat is demonstrably warmerthanthe1870climate. If theobjective weresimply to

forecastfutureclimatechange,it wouldbea wasteof computertime to calculatethe1870

to 1995changeif it hadno effect on thefuturepredictions.Also, any errorsin specifying

historicalforcing will accumulateduring thespinuprun to give an incorrectspecification

of today’sclimate.

Thepilot-ACPI projectchoseto addressthecold-startproblemby initializing thecou-

pledmodelto conditionsappropriateto thelate20thcentury. However, we did not simply

spinthecoupledmodelupby startingin 1870andrampingCO� andsulfateconcentrations

up to 1995values.Rather, themodelwasinitialized to theobservedclimatestate.There

weretwo reasonsfor this:

1. Goingfrom 1870to 1999is a130yearspinup,a largecomputertimeoverheadwhen

thegoalis to integrateonly 50yearsinto thefuture.

2. If the futureclimatedependson thedetailedrepresentationof the late20thcentury

climate,thenaccurateforecastsrequireaccurateinitial conditions,andit canbesup-

posedthatobservationsprovidea moreaccurateestimateof theseconditionsthana

modelspinuprun forcedby somewhatuncertainpollutantemissions.

An evaluationof thelatterpoint is presentedin section6.

Mostof theclimate’s“memory” of previousanthropogenicforcingresidesin theocean,

specificallyin anincreasein theocean’s heatcontent(possibly with associatedchangesin

the circulation),sincethe heatcapacityof the oceanis so muchgreaterthanthat of the

atmosphereandcryosphere(Levitus et al. 2000). Changesin glaciersmight alsobe of

practicalimportancefor ecosystemsor sealevel,but sincethePCMhasnodynamicglacier

modelit is amootpoint for ourpurposes.Therefore,initializingto thecorrectclimatestate

devolves to initializing to thecorrectoceanstate.

Theproblemis thatthereareno systematic threedimensional observationsof oceanT

4



andS to initialize to. In view of this lack, we usedan assimilatedoceandataproductto

provideT andS.Weusedtheoutputof ECCOoceanstateestimationproject(Stammeretal.

1997;http://www.ecco.ucsd.edu),whichassimilatesobservedseasurfaceheightaltimetry,

NCEPsurfaceforcingfields(heat,freshwater, andmomentum), andthethree-dimensional

LevitusT andS fieldsinto a full primitiveequationoceanicGCM.

The ECCOprojectusestheMIT oceanmodel(Marshallet al. 1997a;Marshallet al.

1997b;Adcroft et al. 1997)at a 2x2 degreeglobalresolution, andcoverstheperiod1992

to 1997. The GCM is run in adjoint modeso that the T, S, and the forcing fields are

adjusteduntil theobservedandmodeleddataagree(subjectto theconstraintsimposedby

observational uncertaintyandoceanphysics). Thefinal outputis a setof correctionfields

that areappliedto the NCEPforcing, aswell asfull three-dimensionalfields of oceanic

T andS. We usedthe latter to initialize thecoupledmodel(our initializationtechniqueis

describedin thenext section).

An exampleof thecorrectionobtainedby theassimilation is given in Fig. 1. The top

panelshows theoriginaldatafrom theNCEPanalysis.Thelargepositivevalues(heatflux

out of theocean)in thewesternboundarycurrentsin winter caneasilybeseen,aswell as

thenegative values(heatinto theocean)in theequatorialcold tongue.Themiddlepanel

shows thecorrectionsto theNCEPdatathat theassimilationdeterminesmustbemadein

orderfor thesurfaceforcing to bein agreementwith theTOPEX/Poseidondata.Thesense

of the correctionsis suchthat they mustbe subtractedfrom the original field. The final

field aftercorrectionis shown in thebottompanel.

It canbe seenin the middle panelthat the greatestcorrectionsareclusteredin three

areas:thePacific equatorialcold tongue(particularlytheupwellingregion off Peru),and

the two northernhemisphereregionswherethe westernboundarycurrentsseparatefrom

thecoast.It is intuitively plausiblethattheNCEPsurfacefluxesmightbeespeciallybadin

theseregions. In thecoldtongue,theexactsurfaceheatflux dependsonthedetailedvertical

structureof the ocean(poorly resolved by the NCEP model) as well as the systematic

effectsof local stratusclouds,whicharenotwell representedin themodelfrom which the
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Figure1: Net surfaceheatflux (W/m**2) duringDJF. Top: theoriginal NCEPdata.Mid-

dle: thecorrectionfield. Bottom: thefinal, correctedfield aftertheassimilationprocedure.

Negativevaluesareshaded.
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NCEPsurfacefluxesareultimatelyderived. Similarly, thedetailsof theseparationof the

westernboundarycurrentsaretypically difficult for modelsto achieve.

In summary, a basicobjectiveof thepilot-ACPI projectwasto startthecoupledmodel

from observed initial conditions. Given the lack of comprehensive three-dimensional ob-

servations, this wasaccomplishedby usingan assimilated oceandatasetasa surrogate

for observed conditions. (In later sections,the assimilateddatawill be referredto asthe

“observed” data.) An evaluation of the necessityfor this basicobjective is presentedin

section6.

4. Coupled model initialization

Giventhethree-dimensionaloceandatafrom theassimilation run, thenext taskwasto

incorporatetheseinto thefull PCM.Thedifficulty with thisstepis thatmismatchesbetween

theimpliedheattransportof themodelandobservations(i.e., theassimilateddataset)will

causethemodel’s temperatureto drift. Sincethesignalof interestis dueto anthropogenic

forcing,which itself is projectedto undergo a secularincreaseover theperiod1995-2050,

any modeltemperaturedrift will mimic thesecularforcingsignal,potentially obscuringthe

forcedresponse.It is thereforeimportantto reducethemodeldrift asmuchaspossible. In

particular, it is necessaryto have considerablylesstemperaturedrift thanforcedresponse

if theresultsareto beinterpretedascomingfrom theforcing insteadof thedrift.

a. Origin of the model drift

The origin of the temperaturedrift canbe understoodasfollows. In an equilibriated

modelrun, theoceanicandatmosphericheattransportmustmatch,in thesensethatwher-

ever the oceanis carryingheatto the surface,the atmospheremustbe carryingthe same

amountof heatawayfrom thatlocation.Any changein the(divergenceof the)oceanicheat

transportrequiresacorrespondingchangein theatmosphericheattransport.Potentiallyas-

sociatedwith this atmosphericchangearealterationsin surfacewind stress,which in turn

affect theocean’sheattransport.Theresultis modeldrift to anew equilibriumstatewhere

theoceanandatmosphereheattransportsareagainin balance.
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Unfortunately, theheattransportfield
�

is a difficult variableto work with, andthere

are no comprehensive global observations of it available to compareto. Therefore,we

assume
�

to be a function of time expressedthrough the T and S fields:
������
	���
��

������� ���	���
�	�� � ��
	���
�
 . The motivation for this assumption is that the T andS fields deter-

mine the densityand velocity fields (to a good approximation), and the T and velocity

fieldsthendetermine
�

. This assumption is key to what follows sincethereexist reason-

ableobservationsof T andS to compareto, andthedataassimilation schemedescribedin

section3 outputs thesefieldsdirectly. Our latermanipulationswill bebasedexclusively on

theT andSfields,althoughthemotivationarisesfrom considerationsof theheattransport.

Thequality of theassumption relating
�

to T andS in themodelcontext will bechecked

in section4d.

PuttingobservedoceanT andS (andtherefore,an implied
�

) directly into theocean

componentof an equilibratedmodel run will result in substantial modeldrift, sincethe

heattransportimpliedby theobservedfieldsis unlikely to beidenticalto theheattransport

of the modelfields. In fact, if the model’s climatehasonly onestablestate(or only one

stateundersmall perturbations), thenthe modelis guaranteedto eventuallydrift backto

theoriginal equilibratedcondition, resultingin total lossof information from theobserved

T andS fields. As a practicalmatter, thegoal is to have muchlessmodeldrift thanforced

responseover theperiodof interest.

Severalmethodswereconsideredto addressthis problem.An attemptwasfirst made

to simply put the observedT andS fieldsdirectly into themodel. Thehopewasthat the

inevitablemodeldrift wouldbesmallcomparedto theforcedsignalover therelatively brief

timescaleof interest( � 50 years).It turnedout that themodeldrift wassubstantial, anda

moresophisticatedprocedurewouldhave to beused.

Variousflux correctionschemeswerealsoconsidered.The philosophy of theseis to

put the observed oceanT andS fields into the coupledmodel,thendiagnosethe surface

heatflux mismatches(i.e.,determinethoseplaceswherethesurfaceoceanandatmosphere

heatfluxesdid not match).This diagnosedflux field couldthenbeaddedinto thecoupled
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modelrunasacorrectionfield, in essencetranslating theoceanheattransportfield implied

by theobservedT andSinto theatmosphericheattransportfield of theequilibratedcoupled

model.However, asignificantdrawbackof suchschemesis thatthefutureevolution of the

atmospherewould likely be affectedby thesefictitious heatfluxes,castingdoubton the

resultsof theanthropogenic forcingscenarios.

b. The anomaly coupling scheme

To addresstheseissues,the pilot-ACPI projectendedup usingan anomalycoupling

scheme,which worksasfollows. Theheattransportin year1995,in both themodeland

observations,canbewrittenas:

������������ � � ����!#"%$��� �'&)( � ��� � (1)
� �������* �,+ -/. � � ��!#"%$* ��+ -/. &0( � * �,+ -/. (2)

wheretheoceanheattransportanomaly, ( �
, is thechangein oceanheattransportdueto

anthropogenicforcing over theperiod1870to 1995. Theutili ty of theanomalycoupling

methodarisesfrom the observation that
� ��!#"%$21 ( �

; i.e., anthropogenicperturbations

areonly a small part of the meanoceanheattransport1. Estimating the termsfrom the

PCM’s historicalruns,andexpressingthemasRMS valuesof thesurfaceheatflux field,
� ��!#"%$ � 60-80W/m� , while ( � � 2-4 W/m� . This motivatesapproximatingthemodel’s

heattransportas:
� �������* �,+ -/.43 � ��!#"%$* �,+ -/. &0( � ��� � (3)

Thisapproximationmaybeof substantial benefitbecauseerrorsin ( �
arelikely to be

muchsmallerin magnitudethanerrorsin
� ��!#"%$

, resultingin smallermodeldrift neededto

correctthoseerrors.In essence,this techniqueallowsthe(large)climatological heatfluxes

from the coupledmodel’s oceanandatmosphereto balanceeachother, while the (much

smaller)anomalous heatfluxesdueto anthropogenicforcing aredirectly insertedinto the

modelfrom theobservations. Potentially, this canreduceproblemswith surfaceheatflux
1This wouldnotbetrueif anthropogenicforcingresultedin thecollapseof thethermohalinecirculation.
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mismatchesby anorderof magnitude,with acorrespondingreductionthetherateof model

drift.

In practice,given that
���5���	���
 is assumedexclusively afunctionof T andS,weestimate

( � ��� � (thechangein oceanheattransportfrom 1870to 1995)by using ( � ��� � and ( � ����� ,
the changesin T and S from 1870 to 1995. Unfortunately, thesefields are not known,

sincethe assimilation dataperiodcoversonly the relatively brief periodof 1992-19972.

Therefore,anotherapproximation is requiredto obtain the properanomalyfields ( � �����
and ( � ��� � giventheabsolutefieldsT andS.

To obtain ( � ����� and ( � ��� � , we make theassumption that the majority of theanthro-

pogenicforcingsignalcanbeobtainedby takingthedifferencebetweentheassimilatedT,

S fields averagedover 1995-1997andthe Levitus (1994)climatological T, S fields. Part

of themotivationfor this is thattheassimilation procedurestartswith theLevitus fieldsat

the beginning of the run, beforeincorporatingrecentobservations; thus,the assimilation

procedureresultsin forceddeparturesfrom Levitusclimatology.

This assumption may introduce errorsto the extent that the Levitus climatology does

not representthestateof theoceanin 1870. Theactualtime that theLevitus climatology

representsis uncertain,andperhapsill-defined given the continuously increasinganthro-

pogenicforcing over themoderntime period. Fig. 2 shows the fractionof oceanvolume

(to 3000m) sampledby Levitusasafunctionof time;asimpleweightedaverageof thedata

suggestsanaveragetimearound1970.In lieu of directoceanicmeasurements,weestimate

theamountof oceanheatingfrom 1870to 1970from therecordof globalsurfacetemper-

atures(Fig. 3; Joneset al. 1999). Theseshow thatabout1/3 of thewarmingexperienced

from 1870to 2000hadalreadyhappenedby 1970. Therefore,we proceedwith estimat-

ing ( � ����� and ( � ��� � asthedifferencebetweenT, SandtheLevitusclimatologies,with the

caveatthatthismayintroduceanerrorby underestimatingthestrengthof theoceanheating

by up to one-third.

Approximating theocean’s heattransportasin Eq.3 is notguaranteedto eliminate the
2Theassimilationis beingextendedto cover theperiod1950-2000.
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Figure2: Fractionof theworld oceanvolumeto 3000msampledby theLevitusdataset,as

a functionof time.

problemof modeltemperaturedrift. Althoughtheanomalycouplingmethodmandatesthat

the model’s climatological heattransportswill be in balance,thereis no suchassurance

for theanomalousheattransports,whicharesubstitutedinto themodelfrom observations.

Furthermore,it is the anomalousheattransportsthat are important, sincethey represent

the anthropogenicforcing signal. An order-one error in this field would (by definition)

representasmuchdrift asthe signalof interest. Therefore,a methodmustbe found for

assessinghow similar themodel’sanomalousheattransportis to theobservations.

c. Evaluating the assimilated data

As previously, the similarity betweenthe modelandobserved anomalousheattrans-

portswill beevaluatedby comparingtheanomalousT fields3. This will bedonewith the

projection,6 , definedas:

6 �87:9 ;
;<9�; (4)

3This assumesthattheobserved anomalousT andvelocityfieldsactingon themodel’s meanfieldsresult

in thecorrectheattransport anomalies.
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Figure 3: Annual global average surface temperatureanomalies(C) with respect

to the 1860-1900 average. Data is from P. Jones, UEA (downloaded from

http://www.cru.uea.ac.uk/cru/data/temperature/).
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where 7 � ��=
 is thedataand; � ��=
 is a patternof interest.Theprojectionis closelyrelatedto

thepatterncorrelationof 7 and; :

> � 7?9 ;� 7@9A7 
 �CB � � ;29�; 
 �CB � (5)

but hasa normalizationthat preservesinformationon the relative strengthof 7 and ; as

well as their geographicalsimilarity. So, for example,if 7 looks exactly like ; (in both

patternandstrength)then 6 �ED ; if 7 looks geographicallysimilar to ; but is twice as

strong,6 �'F ; if 7 is similar to ; but half asstrong,6 �GDAH�F ; andsoon.

The targetpattern; usedfor theprojectionwastheoceanT anomalyfield below 250

m,averagedover threeensemblemembersof thecoupledmodel’sbusinessasusual(BAU)

runs,andaveragedover years2090to 2099. Only resultsbelow 250 m wereconsidered

to reducethe influenceof interannualandinterdecadalvariability (suchasENSOandthe

northPacific oscillation),which arestrongestin theupper250m of thewatercolumnand

werenotof direct interestin this project.Theresultsof theprojectionareshown in Fig. 4.

Theprojectionis calculatedfor eachdecadeof thethreeBAU runs(from the2000’s to the

2090’s) aswell as for five historical runs(covering the 1870’s to the 1990’s). Note that

6 3 D for eachof theBAU runsby year2100,in accordwith how thetargetpatternwas

formed.Fig. 4 shows thatby year2000,theoceanhasexperienced� 17%of thewarming

thatwill beaccomplishedby 2100.

Also illustratedin Fig. 4 (circles)aretheresultsfrom projectingtheT anomalyfields

from the assimilation run onto the target pattern,by year. (Only retainingtemperatures

below 250m preventsthestrongEl Nino yearof 1997from showing upasananomaly.) It

canbeseenthattheassimilationresultsarein reasonableagreementwith themodelresults,

althoughon the low sideif averagedover all theyears(this is in accordwith theestimate

above thattheassimilatedresultsmaybeup to � 30%too low sincetheanomaliesarenot

with respectto pre-industrialconditions). Nevertheless,Fig. 4 motivatesusingtheaverage

T,S anomalyfields of the last threeyearsof the assimilation run as the properanomaly

fieldsto addto themodelclimatology in forming theinitial condition,sincetheprojection

valuesindicatethat the assimilated fields have about the properpatternof temperature
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anomalies,in aboutthe properstrength,ascomparedto the model. This agreementwith

the modelshouldresult in minimal modeldrift, sincewith this initial conditionboth the

climatological andanomalousoceanicheattransportfieldswill bein accordwith whatthe

atmosphericmodelsimulatesfor 1995.

The actualwarmingpatterns(i.e., temperatureanomalybelow 250m) for theassimi-

lateddatain year1997andthemodelaveragedover the2090’s areshown in Fig. 5. The

datahavebeenspatiallyfilteredto retainfeaturesgyre-scaleandlarger, aswedonotexpect

the modelto capturethe detailsof smaller oceanicfeatures.The PCM experiencesmost

of thewarmingin theNorth Atlantic andalongtheAntarcticcircumpolarcurrent(ACC);

thereis a relative minimum of warmingin thecentralNorth Pacific. Theassimilateddata

alsohasmostof its warming in the North Atlantic (but farthernortheastthan in PCM)

andtheACC; a bandof smallervaluesis seenin thePacific, asin PCM, but alsoextends

into thesoutheastPacific. Thepatterncorrelationbetweenthetwo fieldsis 0.56,which is

significantat the95%level (basedon the12degreesof freedomleft afterthespatialfilter-

ing). Note that thePCM field is smoother at leastpartly becauseof thegreateraveraging

done(across10yearsand3 ensemblemembers).Thisaveragingis desirable,asit reduces

high frequency variability not of interesthere,but is not possiblewith the short,unique

realizationof theassimilateddataset.

d. Final model drift

Thedegreeof drift still needsto be tested,becauseof thevariousapproximationsand

inferencesoutlined above. This was doneusinga 50-yearcontrol run with the assimi-

lated initial conditions but anthropogenicforcing held fixed at 1995values. The results

areshown in Fig. 6. Theheavy solid line is theglobalaveragesurfacetemperaturefor the

controlrun with assimilatedinitial conditions.Also shown is theensembleaverageglobal

surfacetemperaturefor thefiveBAU runs(light line with circles),alongwith +/- 2 standard

deviations(dottedlines).Thetemperaturedrift in thecontrolrunis about0.2C in 50years.

This comparesfavorably to theforcedresponseof 1.0C over 50 years,asestimatedfrom

theBAU runs. Thus,theassimilation techniquereducesthe problemof drift to thepoint
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whereit is no morethan1 part in 5 of the forcedsignal. Additionally, by year2050the

distribution of valuesfoundin theBAU runsis well separatedfrom thevariability foundin

thecontrolrun.

Thereis reasonto think thedrift attributableto theinitial conditionsmight actuallybe

muchsmallerthanthis. Theclimatestatein 1995is not in equilibrium, sincetheanthro-

pogenicforcing in 1995is increasingwhile theadjustmenttimeof theclimatesystemis on

theorderof decades.Therefore,onewouldexpectthemodelto drift evenif no anomalies

wereimposedin the initial condition. This wastestedin a separaterun, illustratedby the

heavy brokenline in Fig. 6, whichwasstartedwith pre-industrialmodelclimatologywith-

outany assimilatedT andS anomalies.As expected,startingwith 1995forcingconditions

but pre-industrial modelclimatology resultsin a fast( � 5 yrs) initial temperaturedisconti-

nuity asthesurfaceoceancomesinto adjustmentwith the forcing, but thereafterthedrift

in the run without assimilatedinitial conditions is virtually the sameasthat found using

the initial conditions. The initial conditionsare thusfulfilling their role of capturingthe

changesin oceanstatebetween1870and1995(thereforeminimizing theinitial shock),but

apparentlycontributelittle to modeldrift in andof themselves.

Weconcludethattheanomalycouplingmethodsatisfiesthedesiredcriterionof initial-

izing with an observationally-basedestimate of the climatestatein the late 20th century,

while still imposing minimal drift on themodelsolution.

5. Initializing to a neutral ENSO state

Theassimilateddatacoveredtheperiod1992-1997.As notedin Fig. 4, the last three

yearsof thisperiodprovidethebestfit betweenthemodelandobserveddeepheatingfields.

However, 1997wasalsotheyearduringwhich anextremelystrongEl Nino developed.It

wasdeemedinappropriateto includetheseunusualconditionsin the modelinitialization

(althoughtheactualeffectof doingsoappearsunimportantbasedon theensembleof BAU

runs,whichwerestartedfrom variousinitial conditionsof thecontrolrun).

To remove the ENSOandotherhigh frequency (surfacetrapped)variability, thereby

initializing the model to neutralconditions, a vertical weightingschemewas appliedto
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the assimilatedtemperatureanomaliesbeforethey wereaddedto the modelclimatology.

The objective of the schemeis to preserve the heatcontentanomalyassociatedwith the

anthropogenicwarming,but damptheheatcontentanomaliesassociatedwith ENSOand

otherinterannualto decadalvariability. Accordingly, temperatureanomaliesbelow 250m

werenotaltered(to preserve theanthropogenic warmingsignalaccumulatedfrom 1870to

1997),while valuesabove250m wererampedto zeroat thesurface.

An estimateof the effect this weightinghason the anthropogenicheatcontentsignal

is shown in Fig. 7. In the left panel,the heavy line is theensembleaverageof five PCM

historical integrations, showing the vertical profile of oceantemperatureanomaliesthat

arisefrom anthropogenic forcing over theperiod1870to 1995(averagedover theglobe).

The signalis largestat the surfacebut still hassignificantexpressioneven down to 3000

m. Applying the weighting profile (right panelof Fig. 7) to the temperaturesresultsin

theprofile shown asthethin line with circles. This profile has18%lessheatcontentthan

theoriginal verticaltemperatureprofile, i.e.,82%of theanthropogenic heatcontentsignal

is retainedby this weighting. Note that the profile of anomalies is 0.15 C colderat the

surfacethanat 200 m. This would result in an unstable densityprofile if the anomalies

werenotaddedbackontothemeanbackgroundconditions,whichhavea fargreaterstable

stratification( Q 9 C over thetop200m) thatpreventsinstability from occurring.

The vertical temperatureprofile of the ENSOsignalis moretop-trappedthanthe an-

thropogenicsignal.This canbedeterminedby takingtheleadingEOF(not shown) of the

White (1995) three-dimensional temperatureXBT-baseddataset, horizontally averaged

andhigh-passfilteredto remove periodslongerthan7 yrs/cycle (i.e., retainingENSOpe-

riods but discardingthe secularanthropogenicsignal). The peakin the responseis at 40

m depth;87% of ENSO’s r.m.s.heatcontentsignalis above 250 m. Applying the same

weightingprofile(Fig.7, right panel)removes51%of theheatcontentsignaldueto ENSO

(comparedto 18%of theheatcontentsignaldueto theanthropogenicforcing). While not

perfect,this schemegivesa reasonablecompromise betweenremoving theENSOsignal,

retainingtheanthropogenic signal,andsimplicity.
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It shouldbe notedthat initializing the modelto near-neutralENSOconditions in the

oceandoesnotpreventthesubsequentdevelopmentof any non-linearinteractionsbetween

anthropogenicforcing andENSO(or otherinterannualto decadalvariability). This is im-

portant,asis well known thatseasonalrainfall andtemperaturesover thewesternU.S.are

affectedby ENSO(e.g.,Cayanet al. 1999)andthe north Pacific oscillation(NPO; e.g.,

Latif andBarnett1996). Theseeffectswill be presentin the pilot-ACPI predictions,and

it is entirelypossible thatonemanifestationof anthropogenicforcing will bea changein

the frequency or amplitude of ENSO(e.g.,Caneet al. 1997,Timmermannet al. 1999,

MeehlandWashington 1996). This couldbeoneof thedynamicalmechanismsby which

theaverageclimatein year2050is changed,andsoits inclusionhereis important.

6. Assimilated versus spun-up initial conditions

Thereare two reasonsfor initializing the model from observationsratherthanusing

a long spinuprun from pre-industrialconditions: 1) to save computertime; 2) to obtain

an initial conditionthatgivesa moreaccuratesimulation of futureclimate. Theanomaly

coupling techniquecertainlysavescomputer time, which leavesus with the questionof

whetherit leadsto moreaccuratepredictions. Althoughthis will not be known for some

decades,we canat leastevaluatewhethertheassimilatedinitial conditionsmadeany dif-

ference.This evaluation is possible becausetherealreadyexistsa setof “standard”PCM

runsthatstartwith pre-industrialconditionsandintegrateforwardpastyear2050with BAU

forcing.

A problemwith evaluating whetherthe assimilated initial condition madeany differ-

enceis the small samplesize: the pilot ACPI ensembleshave only threemembers.To

addressthis, we usedthe non-parametrictechniquedevisedby PreisendorferandBarnett

(1983),whichwasconstructedspecificallyfor this typeof problem.Outputsarea ‘SITES’

and‘SPRED’ statistic (describedbelow).

Briefly, for everyvariable(e.g.,globaltemperature)wehave two datasets,eachwith R
ensemblemembersand S spatialpoints. In our case,the two datasetsarethepilot ACPI

runsandthestandardPCMBAU runs,eachwith 3 ensemblemembers.TheSITESstatistic
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givesthedistancebetweenthecentroidsof thetwo swarmsof R points in the S -dimensional

statespace.As such,it takesinto accountdifferencesin bothther.m.s.meansof thedata

(the lengthsof the statevectors),and their geographicalpatterns(the directionsof the

statevectors). The SPREDstatistic is an indicatorof the intra-ensemblescatter. These

statisticscanbecomparedto estimatesof theexpecteddistributionsof SITESandSPRED

obtainedby the ‘PPP’ randomsubsetting procedure(PreisendorferandBarnett1983;the

ideais similar to the bootstrapschemeof Efron 1993). The endresultshows how likely

is theactualgroupingof ensemblemembersinto datasets. If thegroupingappearsto be

random,thenit canbeinferred(in ourparticularcase)thatthereis nosystematicdifference

betweenrunswith assimilatedor spun-upinitial conditions. Otherpossibleoutcomesare

thattheensemblesareunusually different,whichwouldsuggestthattheassimilationhada

significanteffect, or that theensemblesareimprobablysimilar, which would suggestthat

theinitializationtechniquefailedto modify theinitial T, S fieldsin thefirst place.

Examplesof theSITESstatistic for two testcases,intendedto illustratethenatureof

thestatistic, areshown in Fig. 8. In this andlaterplots, threeyearchunksof thedataare

averagedtogetherto reduceyear-to-yearnoise.In thetoppanel,annuallyaveragedsurface

temperature(TS) over North America from two different3-memberensemblesof PCM

historicalrunsarecompared.Thiscaseis usefulbecauseit illustrateswhatto expectwhen

only naturalvariability is acting.TheX axisindicatestheyearof comparison.In thiscase,

thestatisticalpropertiesof TS in set1 arebeingcomparedto thesamefield in set2, at the

same year. For example,at X=1940,we seethat Y T 60, which indicatesthat the actual

SITESstatisticfor this casewasin the60thpercentileof theestimateddistribution. Thus,

the actualvalueof the statistic waslikely to occurby chance,andwe cannotconfidently

assertthatthereis any differencebetweenrunsin set1 and2. For smallpercentiles( U 10),

runsin set1 and2 aremoresimilar to eachotherthanwould beexpectedby chancegiven

the naturalvariability; for large percentiles( Q 90), runsin set1 and2 aremoredifferent

thanexpectedby chance.Theresultsin thetop panelshow thehistoricalPCM ensembles

arestatistically indistinguishible from eachotherwhensampledat the sameyear. In the
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bottom panel,globally averagedlarge-scaleprecipitation(PRECL) fields are compared

for a thee-memberensembleof historical runs(1880-1999)extendedby BAU runs(2000-

2050). In this case,the fields at year1880arebeingcomparedto fields at progressively

later years. The SITES statistic shows that by year 2000, the global precipitationfield

hasbecomesignificantlydifferentfrom that foundin 1880. This caseis usefulbecauseit

illustrateswhatto expectwhenthetestfieldsaredifferent.

Figure9 showstheSITESstatistic comparingthepilot ACPI runsto thestandardPCM

BAU runs over North America. If the different initial conditions madea differenceto

the climate, thenthis statistic would startsignificantly high ( Q 90), thendrop to average

valuesafter somephysically-dictatedtime lag. What Fig. 9 actually shows is that the

varying initial condition madeno difference,even at short time lapses,to any variable.

For completeness,we also checked the northernhemisphereand global fields, and the

SPRED(intra-ensemblevariance)statisticaswell as the SITESstatistic. In no casedid

theinitial conditionsmakeany difference,exceptto theaccumulatedsnow depthfield atop

Antarctica,which was not resetto a consistentvalueat the start of all the runs (this is

irrelevantto theoceaninitializationprocedureweareexamining).

It is worth carefully consideringthis result in light of section4, which showed that

the heatcontentanomalyobtainedfrom the PCM spinupruns is similar in patternand

magnitude to the assimilatedinitial conditions(Fig. 4). It is likely that the null effect of

assimilatedinitial conditionsis anotherreflection of thesimilarity betweenPCM andthe

assimilateddata.If so,thenamodellessliketheobservationsmightbenefitsubstantially by

usingtheassimilatedinitial conditions.In any event,thecorrectconclusion is not thatthat

thedetailsof the1995climatemakenodifferenceto lateryears,but ratherthatsubstituting

the assimilatedinitial conditions into PCM in placeof the spinupconditionsmakes no

differenceto laterclimate.It cannotberuledout thatthis is simplybecausePCMsimulates

theinitial conditionratherwell.

7. Summary and conclusions

The objective of the pilot-ACPI projectwasto produce“end-to-end”forecastsof hy-
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Figure 9: SITES statistic comparingthe pilot ACPI run to the standardPCM BAU

runs. Variables comparedare: TS=surface temperature;CLDTOT=cloud fraction;

PRECC=convective precipitation; PRECL=large scaleprecipitation; PSL=sealevel pres-

sure;SNOWH=snow depth.Valuesover NorthAmericawereincluded.Seetext for further

details.
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drologicalprocessesover thewesternU.S. in theyear2050.This involvedinitializing the

coupledocean-atmospheremodelto thecurrentobservedclimatestate,runningthecoupled

modelto theyear2050andbeyondwith projectedanthropogenic forcing, anddownscal-

ing the resultsto the hydrological impactover the westernU.S. This notedescribesthe

techniquesusedto accomplishthefirst element(initializing thecoupledmodelto observed

conditions) andanevaluationof thedifferencethismade.

Therewerethreemainproblemsencountered:thelackof comprehensivethree-dimensional

temperatureandsalinity observationsto initialize to, the likelihoodof modeldrift arising

from insertingobservedconditionsinto anumericalmodel,andtheinitializationto ashort

dataset that includedan unusuallystrongEl Nino year (1997). The first problemwas

solved by usingan assimilated dataset from a full adjoint model. The secondproblem

wassolvedby usingananomalycouplingtechnique,suchthattheobservedheattransport

anomaliesassociatedwith theanthropogenicsignalwereaddedontothebasemodelclima-

tology. It wasshown that this techniqueworkedbecausethemodelandobservedpatterns

of anomaloustemperatureweresimilar in bothstrengthandmagnitude. Thelastproblem

wassolvedby rampingtemperatureanomaliesto zeronearthesurface(above 250m), so

that themainpartof theanthropogenicheatcontentsignalwasretainedwhile thehigher-

frequency signalsof interest(suchasENSO)weredampedtowardsneutralconditions.

Comparingthe predictionsof the pilot ACPI runs to standard(spun up from pre-

industrial conditions) PCM BAU runs,it wasfoundthat theassimilated initial conditions

madeno systematicdifference.This is likely anotherreflectionof thesimilarity between

themodelandobservedpatternsof anomaloustemperature;switching from thespinupto

theassimilatedconditionsis a relatively smallchange.This might bedifferentin a model

thathadaworserepresentationof theanomalousoceanheatcontentin thelate20thcentury.

This work leavesunansweredwhy themodelspinupandassimilatedinitial conditions

aresosimilar. It mightbethatboththemodelandtheassimilationareskillful in predicting

this field, in which casetheir similarity is testamentto the good quality of the results.

It could alsobe becauseboth arebasedon moderngeneralcirculationmodels(although
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differentones),whichmighthavesimilarsystematicerrors.Independentanalysisof model

versusobservedheatcontentfields (Levitus et al. 2001,Barnettet al. 2001)suggestthat

modelscan, in fact, skillfull y capturethis field. However, a detailedcomparisonof the

assimilatedversusobserved dataremainsto be done. It is hopedthat this issuewill be

addressedin a full ACPI project.
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