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ABSTRACT

A problemfor climatechangestudieswith coupledocean-atmospheraodelshasbeen
how to incorporateobsened initial conditions into the ocean,which holds mostof the
“memory” of anthropogeniéorcing effects. Thefirst difficulty is thatthereareno compre-
hensve three-dimensionabbsenations of the currentoceantemperaturgT) and salinity
(S) fields to initialize to. The secondproblemis that directly imposirg obsened T and
S into the modelwould likely resultin rapid drift backto the model climatolagy, with
the correspondingoss of the obsened information. This problemis particularly acute
with anthropogen forcing scenariossincethe forcing is secularlyincreasing,a mono-
tonic climateresponses probable which would be hardto distingush from drift. For this
reasonanthropogemforcing scenariosypically initialize futurerunsby startingwith pre-
industral conditions, but this ~130yr spinyp imposessubstantiabverheadf only a few
decadeof predictionsare desired. Also, if the future climate depend=n the detailsof
the presentlimate,theninitializing the modelto obsenratiors may provide moreaccurate
forecasts.A techniqueto addresgheseproblemsis presentedhere. In lieu of obsened T
andsS, assinilated oceandatafrom anadjointmodelwereused.To reducethe problemof
modeldrift, ananomalycouplingschemewvasdevised. This consiss of letting themodel’s
climatolagical (pre-industrig) oceanicandatmospheridieattransportdalancesachother
while addingon the (muchsmaller)anthropogenichangesn heattranportsincethe pre-
industral eraasanomalies.It is shavn thatthis techniqgueworks becauseéhe anomalous
(dueto anthropogenidorcing) temperaturdields in the modelandobsenrationsare sim-
ilar in both patternand magnitde. The resultis modeldrift of no morethan0.2 C over
50yearswhichis significantlysmallerthantheforcedresponsef 1.0 C. Theensemblef
runswith assimiatedinitial conditionsis thencomparedo asetspunupfrom pre-industrial
conditiors; no systenatic differencesverefound. This s likely anothemmanifestatiorof
thesimilarity betweerthe modelandobsenations;a modelwith aworserepresentationf

thelate 20thcenturyclimatemight shaw significantdifferencesf initializedin this way.



1. Introduction

The AcceleratedClimate PredictionlInitiative (ACPI) is a DOE-sponsped projectto
determinethe effects of anthropoger forcing on the world’s climate. Clearly this is a
guestionwith broadscope sothefull ACPI projectasernvisionedcould easilyconsumea
greatdealof resourcesRatherthanfund the entireprojectat once,it wasdeterminedhat
implementinga morelimited, proof-of-concepexperimentwould be valuable. Thisled to
theproposabf the pilot-ACPI project(alsocalledthe ACPI demonstratin project),which
would usethe sametechniquesand machineryasthe full ACPI project,but appliedto a
morelimited setof final questios. This pilot projectwould encountethe samedifficulties
expectedin the full ACPI project,but becausef its smalkr size,the problemswould be
moretractable.Solutionsto the problemsfoundin the pilot projectcouldthenbe applied
to thefull ACPI project,enablingthelatterto progressnoresmoothly

The objective chosenfor the pilot-ACPI projectwasa demongtation of “end-to-end”
predictionof waterresourcesn the westernU.S. over the period1995to 2050. By “end-
to-end”,it wasmeantthatthe projectwould startwith the obsenedclimatestateatthe end
of thetwentiethcentury take into accountprojectionsof anthropoger forcing (primarily
CO, andsulfates)for the next 50 years,andconcludewith detailedpredictionsof hydro-
logical changesn the westernstatesexpectedby the year 2050. Someexamplesof the
anticipatedinal predictiors include snovpack depth,snov coverage andtime-dependent
runoff. Thisinformation couldthenbe usedby watermanagerso determinef therewere
potentialyy arny problemswith watersupplyavailability in comingdecades.

The pilot-ACPI projectconsiséd of threespecificelementgo achieve this end-to-end

predictve capability:

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

with obsenedconditiors.

2. Runningensemblesf the coupledmodelfrom theinitial conditionto year2050and

beyondusing“businessasusual”’(BAU) anthropogeniforcing scenarios.



3. Downscaling the global modelresultsusing high resoluton regional atmospheric,

hydrological,andrunoff modelsto give impactson waterresources.

Thefirst objective of thisnoteis to describeghetechniquaisedto accomplistelementt,
theinitializationof thecoupledO/A GCM with obsenedconditiors. Thesecondbjective
is to addressin a quantiative way, whetherinitializing to obsenationsresultsin different
climateforecastghanobtainedrom a spin-uprun startingwith pre-industriaconditions.

This noteis laid out asfollows. The O/A GCM usedfor theseexperimens will be
briefly describedn section2. Therewerethreemaindifficulties encounterediuring ele-
ment1; thefirst problemwasthelack of comprehensie three-dimensioal obsenatiors of
theoceanidemperaturéT) andsalinty (S) fields,which we addressetly usinganassim-
ilated oceandataproductasa surrogag for obsenations(section3). The secondoroblem
(deemedhe mostscientificallydifficult) washow to introducethe obserned T andS fields
into the coupledmodelwithout having drift thatwould obscurethe signalsof interest.An
anomalycouplingschemavasused,asdescribedn sectiord. Thethird problemwashow
to initialize the modelto a nearneutralstatefor interdecadabnd interannualvariability
(thosebeingnot of directinterestin this project)despiteinitializing to year~1997,which
was an unusuallystrongEl Nino year This problemis describedn section5. After the
completian of pilot ACPI elemen®2, we thenevaluatdwhetherthe new initializationcon-
dition madeary differenceto theclimate(section6); we foundthatit did not, althoughwith
someimportantcaveats. The note concludeswith a discussiorof the scientificquestims

left unansweretby the pilot project(section?).

2. The parallel coupled model

Thiswork usedthe ParallelCoupledModel (PCM), versionl (Washingtoretal. 2000).
PCM s a stateof the art, fully coupledocean-atmosphemgeneralcirculationmodel (for
moreinformation seehttp:/Avww.cgd.ucaedu/gm).

Theatmosphericomponenbf the PCM is the CCM3 atmospherigenerakirculation

model (Kiehl et al. 1998), a spectralmodelusedhereat T42 resolution(equivadent to



about280by 280km grid spacing).CCM3includesalandsurfacemodelthataccountgor
soil moistureandvegetaton types,aswell asa simplified runoff scheme A hybrid sigma
coordinateschemewith 18 layersis usedin the vertical, which allows terrain-followving
coordinatesearthesurfacebut seguesto pressurdevelshigherin theair column.

Theoceancomponenbf PCM is the ParallelOceanProgram(POP;Smithetal. 1992,
Dukowicz and Smith 1994),usedhereat a horizontalresolutionof 384 by 288 (roughly
2/3 resolutin), with 32 vertical levels. The vertical levels are clusterednearthe surface
to improve resolutionof the importantsurfacemixing processesA displaced-polgrid is
usedin the northernhemisplereto eliminatethe problemof cornvergenceof the meridians
in the Arctic Ocean.

A dynamc-thermodynamicsea-icemodel basedon Zhangand Hibler (1997)is in-
cluded,with an elastic-viscougplasticrheologyfor computatimal efficiency (Hunke and
Dukowicz 1997). Theice modelis formulatedon its own grid, which hasatotal of 320by
640gridpoins. The grid only coversthe polarregions,andpointsaredistributedapprox-
imately equally betweenthe northernand southerrhemispheresi.e., eachhemispheras
coveredby a grid of about320x320points),giving a physcal grid spacingof roughly 27

km.

3. The assimilated ocean data set

An objectie of thepilot-ACPI projectwasto startwith thebestpossilte estimateof the
actualclimate statein the late twentiethcentury This requirementvasimposedbecause
the warmingthe climate systemhasalreadyexperiencedoy the year2000might have an
influenceontheclimate’slaterevolution. Ignoringthis earlierwarmingis oftenreferredto
asthe“cold start” problem(Hasselmanetal. 1993).

It is generallyassumedat leasttacitly, thatstartingwith the correct,anthropogeraally
warmedclimateof thelate twentiethcenturyis impaortantto predictionsof future climate.
This canbe seenby the universality with which future climate changescenariosdo not
startoutrunningin the late twentiethcentury but ratherin the late nineteentlcentury(see

Schneiderl996 for further discussion®f this issue). The PCM historical scenariosfor
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example,startin 1870 (Washingtm et al. 2000). Atmosphericvaluesof CO, arethen
graduallyrampedup overthenext 130yearsto currentvalues resultingin aclimatein the

1990sthatis demonstably warmerthanthe 1870climate. If the objectve weresimgy to

forecastfuture climatechangejt would be a wasteof computettime to calculatethe 1870
to 1995changsf it hadno effect on the future predictions.Also, ary errorsin specifying
historicalforcing will accumulateduring the spinuprun to give anincorrectspecification
of todays climate.

The pilot-ACPI projectchoseto addresghe cold-startproblemby initiali zing the cou-
pled modelto conditionsappropriatdo the late 20thcentury However, we did not simgy
spinthecoupledmodelup by startingin 1870andrampingCO, andsulfateconcentrations
up to 1995values. Rather the modelwasinitialized to the obsened climate state. There

weretwo reasondor this:

1. Goingfrom 1870to 1999is a 130yearspinup,alargecomputeitime overheadvhen

thegoalis to integrateonly 50 yearsinto the future.

2. If thefuture climatedependsn the detailedrepresentationf the late 20th century
climate,thenaccuratdorecastgequireaccuratanitial conditions,andit canbesup-
posedthatobsenationsprovide a moreaccurateestimateof theseconditionsthana

modelspinuprun forcedby someavhatuncertainpollutantemissios.

An evaluation of thelatterpointis presentedn section®6.

Mostof theclimate’s“memory” of previousanthropogeniéorcingresidesn theocean,
specificallyin anincreasan the oceans heatcontent(possiby with associategéhangesn
the circulation), sincethe heatcapacityof the oceanis so much greaterthanthat of the
atmosphereand cryosphergLevitus et al. 2000). Changesn glaciersmight also be of
practicalimportancefor ecosystemer seaevel, but sincethe PCM hasno dynamicglacier
modelit is amootpointfor our purposesThereforejnitializing to thecorrectclimatestate
devolvesto initializing to the correctoceanstate.

The problemis thatthereareno systemat: threedimensimal obsenations of oceanT



andSto initialize to. In view of this lack, we usedan assimiatedoceandataproductto
provide T andS.We usedheoutputof ECCOocearstateestimatia project(Stammeetal.
1997;http//www.ecco.ucsd.eduyyhich assimilate®bsened seasurfaceheightaltimetry,
NCEPsurfaceforcing fields (heat,freshwater andmomentun), andthe three-dimensinal
Levitus T andSfieldsinto afull primitive equationoceanicGCM.

The ECCOprojectusesthe MIT oceanmodel(Marshalletal. 1997a;Marshallet al.
1997b;Adcroft etal. 1997)at a 2x2 degreeglobalresoluton, andcoversthe period 1992
to 1997. The GCM is run in adjoint modeso thatthe T, S, and the forcing fields are
adjusteduntil the obsered andmodeleddataagree(subjectto the constraintsmpaosedby
obsenatioral uncertaintyandoceanphysicg. Thefinal outputis a setof correctionfields
thatare appliedto the NCEP forcing, aswell asfull three-dimensiondields of oceanic
T andS. We usedthe latterto initialize the coupledmodel(our initializationtechniqueis
describedn the next section).

An exampleof the correctionobtainedby the assimiation is givenin Fig. 1. Thetop
panelshavs the original datafrom the NCEPanalysis.Thelarge posiive values(heatflux
outof the ocean)in thewesternboundarycurrentsin winter caneasilybe seenaswell as
the negative values(heatinto the ocean)in the equatorialcold tongue. The middle panel
shaws the correctiongo the NCEP datathatthe assimiktion determinesnustbe madein
orderfor the surfaceforcingto bein agreementvith the TOPEX/Poseidodata. Thesense
of the correctionsis suchthatthey mustbe subtractedrom the original field. The final
field aftercorrectionis shavn in thebottompanel.

It canbe seenin the middle panelthat the greatestcorrectionsare clusteredin three
areas:the Pacific equatorialcold tongue(particularlythe upwelling region off Peru),and
the two northernhemisphereegionswherethe westernboundarycurrentsseparatérom
thecoast.It is intuitively plausiblethatthe NCEPsurfacefluxesmightbe especiallybadin
theseregions In thecoldtongue theexactsurfaceheatflux dependenthedetailedvertical
structureof the ocean(poorly resolhed by the NCEP model) as well asthe systematic

effectsof local stratusclouds,which arenot well representeth the modelfrom which the
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Figurel: Net surfaceheatflux (W/m**2) duringDJFE Top: the original NCEP data. Mid-
dle: the correctionfield. Bottom: thefinal, correctedield aftertheassimilaton procedure.
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NCEPsurfacefluxesareultimately derved Similarly, the detailsof the separatiorof the
westernboundarycurrentsaretypically difficult for modelsto achieve.

In summarya basicobjectve of the pilot-ACPI projectwasto startthe coupledmodel
from obsenedinitial conditions. Giventhe lack of comprehensie three-dimensioal ob-
senations this was accomplishedy using an assinilated oceandatasetasa surrogate
for obsened conditions. (In later sectionsthe assimiated datawill be referredto asthe
“obsened” data.) An evaluaton of the necessityfor this basicobjective is presentedn

section6.

4. Coupled model initialization

Giventhethree-dimensionadceandatafrom the assimiation run, the next taskwasto
incorporatehesento thefull PCM. Thedifficulty with thisstepis thatmismathesbetween
theimplied heattransporif themodelandobsenations(i.e., theassimihteddataset)will
causethe model'stemperatureo drift. Sincethe signalof interestis dueto anthropogenic
forcing, whichitself is projectedto undego a secularincreaseover the period1995-2050,
ary modeltemperaturelrift will mimic thesecularforcing signal,potentally obscuringhe
forcedresponselt is thereforemportantto reducethe modeldrift asmuchaspossilte. In
particular it is necessaryo have considerablyesstemperaturalrift thanforcedresponse

if theresultsareto beinterpretedascomingfrom the forcing insteadof thedrift.

a. Origin of the model drift

The origin of the temperaturarift canbe understoocasfollows. In an equilibriated
modelrun, the oceanicandatmospheriteattransporimustmatch,in the sensehatwher
ever the oceanis carrying heatto the surface,the atmospherenustbe carryingthe same
amounbf heataway from thatlocation. Any changen the (divergenceof the)oceanicheat
transportrequiresacorrespondinghangen theatmospheriteattransport.Potentiallyas-
sociatedwith this atmospherichangearealterationsan surfacewind stresswhichin turn
affecttheoceans heattransport.Theresultis modeldrift to a new equilibriumstatewhere

theoceanandatmosyereheattransportsareagainin balance.



Unfortunately the heattransporffield H is a difficult variableto work with, andthere
are no comprehense global obsenratiors of it availableto compareto. Therefore,we
assumeH to be a function of time expressedhroughthe T and S fields: H(X,t) =
H(T(%,t),S(X,t)). Themotivationfor this assumgon is thatthe T and S fields deter
mine the densityand velocity fields (to a good approximatim), andthe T and velocity
fieldsthendetermineH . Thisassumptia is key to whatfollows sincethereexist reason-
ableobsenationsof T andS to compareto, andthe dataassimilaton schemedescribedn
section3 outpus thesdfieldsdirectly. Ourlatermanipubtionswill bebasedexclusively on
theT andSfields,althoughthe motivationarisesfrom considerationsf the heattransport.
The quality of theassumpbn relating H to T andS in the modelcontext will be checled
in section4d.

Puttingobsenred oceanT andS (andtherefore,animplied H) directly into the ocean
componenbf an equilibrated modelrun will resultin substanfll modeldrift, sincethe
heattransporimplied by theobsenredfieldsis unlikely to beidenticalto the heattransport
of the modelfields. In fact, if the model’s climatehasonly one stablestate(or only one
stateundersmall perturbationf thenthe modelis guaranteedo eventuallydrift backto
theoriginal equilibratedcondition resultingin total lossof information from the obsened
T andSfields. As a practicalmatter the goalis to have muchlessmodeldrift thanforced
responseverthe periodof interest.

Several methodswvere consideredo addresghis problem. An attemptwasfirst made
to simply put the obsened T and S fields directly into the model. The hopewasthatthe
inevitablemodeldrift would besmallcomparedo theforcedsignalover therelatively brief
timescaleof interest(~50 years).It turnedout thatthe modeldrift wassubstantl, anda
moresophisicatedprocedurevould have to beused.

Variousflux correctionschemesvere alsoconsidered.The philosoply of theseis to
put the obsened oceanT andS fields into the coupledmodel,thendiagnosethe surface
heatflux mismatchegi.e., determinghoseplaceswherethe surfaceoceanandatmosplere

heatfluxesdid not match). This diagnosedlux field couldthenbe addednto the coupled



modelrun asa correctionfield, in essencéranslatig the ocearheattransporfield implied
by theobsenedT andSinto theatmospheritieattransporfield of theequilibrateccoupled
model.However, a significantdravbackof suchschemess thatthefutureevolution of the
atmospherevould likely be affectedby thesefictitious heatfluxes, castingdoubton the

resultsof theanthropogemi forcing scenarios.

b. The anomaly coupling scheme

To addresgheseissues the pilot-ACPI projectendedup usingan anomalycoupling
schemewhich works asfollows. The heattransportin year1995,in boththe modeland

obsenrations, canbewritten as:

HY = HE + A ®
Hrlngogd5el = Hrlnso7d0el + AI—Irnodel (2)

wherethe oceanheattransportanomaly A H, is the changan oceanheattransporidueto
anthropogenidorcing over the period 1870to 1995. The utility of the anomalycoupling
methodarisesfrom the obsenation that H¥"° > AH; i.e., anthropogeniperturbations
are only a small part of the meanoceanheattransport. Estimatirg the termsfrom the
PCM’s historicalruns,andexpressinghemasRMS valuesof the surfaceheatflux field,
H'80 ~60-80W/m?, while AH ~2-4 W/m?. This motivatesapproximatinghe model’s
heattransportas:

HY99 s H3T0 + A H s (3)

m model

This approximatiormay be of substantl benefitbecauserrorsin AH arelikely to be
muchsmallerin magnitdethanerrorsin H'87°, resultingin smallermodeldrift neededo
correctthoseerrors.In essencethis techniqueallowsthe (large) climatol ogical heatfluxes
from the coupledmodel’s oceanand atmospherdo balanceeachother while the (much
smaller)anomalous heatfluxesdueto anthropogenidorcing aredirectly insertedinto the

modelfrom the obsenatiors. Potentially this canreduceproblemswith surfaceheatflux

1This would notbetrueif anthopogenicforcing resultedn the collapseof thethermdalinecirculatian.



mismatchesy anorderof magnitwle,with acorrespondingeductionthetherateof model
drift.

In practice given that H (X, t) is assumeeaxclusively afunctionof T andS, we estimate
AH,,s (thechangan oceanheattransportfrom 1870to 1995)by usingAT s andAS,,
the changesn T and S from 1870to 1995. Unfortunately thesefields are not known,
sincethe assimihtion dataperiod coversonly the relatively brief period of 1992-1997.
Therefore,anotherapproximatbn is requiredto obtainthe properanomalyfields AT,
andAS,s giventheabsolutdields T andS.

To obtain AT, and AS,s, we make the assumptn thatthe majority of the anthro-
pogenicforcing signalcanbe obtainedby takingthe differencebetweernthe assimiatedT,
S fields averagedover 1995-1997andthe Levitus (1994)climatologcal T, S fields. Part
of the motivationfor thisis thatthe assimilaton procedurestartswith the Levitus fields at
the beginning of the run, beforeincorporatingrecentobsenations; thus, the assimilaton
procedureesultsin forceddeparturegrom Levitus climatology.

This assumpbn may introdwce errorsto the extentthatthe Levitus climatology does
not representhe stateof the oceanin 1870. The actualtime thatthe Levitus climatolagy
representss uncertain,and perhapsli-defined given the continuousy increasinganthro-
pogenicforcing over the moderntime period. Fig. 2 shavs the fraction of oceanvolume
(to 3000m sampledy Levitusasafunctionof time; asimpleweightedaverageof thedata
suggestanaveragetime around1970.In lieu of directoceanianeasurementsye estimate
theamountof oceanheatingfrom 1870to 1970from therecordof global surfacetemper
atures(Fig. 3; Jonesetal. 1999). Theseshow thataboutl/3 of the warmingexperienced
from 1870to 2000 had alreadyhappenedy 1970. Therefore ,we proceedwith estimat-
ing AT, andAS,,,s asthedifferencebetweenr, S andtheLevitus climatologes,with the
caveatthatthismayintroduceanerrorby underestimatig the strengthof the ocearheating
by upto one-third.

Approximatirg the ocean$ heattransportasin Eq. 3 is notguaranteedo eliminae the

2Theassimilationis beingexterdedto cover the period19502000.
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Figure2: Fractionof theworld oceanvolume to 3000msampledy theLevitus dataset,as

afunctionof time.

problemof modeltemperaturelrift. Althoughtheanomalycouplingmethodmandateshat
the model’s climatological heattransportswill be in balance thereis no suchassurance
for theanomalouseattransportsyhich aresubstititedinto the modelfrom obsenatiors.
Furthermorejt is the anomalousheattransportghat are important, sincethey represent
the anthropogenidorcing signal. An orderone error in this field would (by definition)
represenfais muchdrift asthe signalof interest. Therefore,a methodmustbe found for

assessingow similar themodelsanomalouseattransporis to theobsenations

c. Evaluating the assimilated data

As previoudy, the similarity betweenthe modeland obsened anomalousheattrans-
portswill be evaluatedby comparingthe anomaloudT fields®. Thiswill be donewith the

projection,P, definedas:
d-
p==22 (4)
pb-p
3This assumeshatthe obsered ananalousT andvelocity fieldsactingon the mocel's meanfields result

in the correctheattranspaot anonalies.
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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/tperature/).
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whered(X) is thedataandp(X) is a patternof interest.The projectionis closelyrelatedto
the patterncorrelationof d andp:

d-p
(d-d)'/2(p-p)'/2
but hasa normalizationthat preseresinformationon the relative strengthof d andp as

C= (5)

well astheir geographicakimilarity. So, for example,if d looks exactly like p (in both
patternand strength)then? = 1; if d looks geographicallysimilar to p but is twice as
strong,P = 2; if d is similar to p but half asstrong,P = 1/2; andsoon.

Thetarget patternp usedfor the projectionwasthe oceanT anomalyfield belov 250
m, averagedverthreeensemblenemberof the coupledmodel’s busiressasusual(BAU)
runs,and averagedover years2090to 2099. Only resultsbelov 250 m were considered
to reducethe influenceof interannuabndinterdecadalariabiity (suchasENSOandthe
north Pacific oscillation),which arestrongestn the upper250m of the watercolumnand
werenot of directinterestin this project. Theresultsof the projectionareshown in Fig. 4.
Theprojectionis calculatedor eachdecadeof thethreeBAU runs(from the 20005 to the
20905) aswell asfor five histaical runs(coveringthe 18705 to the 1990%). Note that
P =~ 1 for eachof the BAU runsby year2100,in accordwith how thetarget patternwas
formed. Fig. 4 shavs thatby year2000,the oceanhasexperienced~17% of the warming
thatwill beaccomplishedby 2100.

Also illustratedin Fig. 4 (circles)aretheresultsfrom projectingthe T anomalyfields
from the assimihtion run onto the target pattern,by year (Only retainingtemperatures
below 250m preventsthe strongEl Nino yearof 1997from shaving up asananomaly) It
canbeseenhattheassimilatonresultsarein reasonablagreementvith themodelresults,
althoughon the low sideif averagedover all the years(this is in accordwith the estimate
above thatthe assinilated resultsmay be up to ~30%too low sincethe anomaliesarenot
with respecto pre-industriakcondition3. Neverthelesskig. 4 motivatesusingthe average
T,S anomalyfields of the last threeyearsof the assimiation run asthe properanomaly
fieldsto addto the modelclimatology in forming theinitial condition,sincethe projection

valuesindicate that the assimiated fields have aboutthe proper patternof temperature
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Figure 4: Projectionof the models oceanwarming pattern(belov 250 meters)in year
2100 onto the five model historicalruns and threemodel businessas usual (BAU) runs.
ThehistoricalandBAU resultsareaveragedy decadeasindicatedby the horizontalbars.
Also shawvn (circles)aretheprojectionsof theassimiateddataontothesameargetpattern;

thefirst threeyearsof theassimilaton run arelabeledby year
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anomaliesjn aboutthe properstrength,ascomparedo the model. This agreementvith
the modelshouldresultin minimal modeldrift, sincewith this initial conditionboth the
climatolaggicalandanomalou®ceanicheattransportiieldswill bein accordwith whatthe
atmospherienodelsimulatesfor 1995.

The actualwarmingpatterng(i.e., temperaturenomalybelov 250 m) for the assimi-
lateddatain year1997andthe modelaveragedover the 2090%s areshavn in Fig. 5. The
datahave beenspatiallyfilteredto retainfeaturesgyyre-scaleandlarger, aswe do notexpect
the modelto capturethe detailsof smalkr oceanicfeatures. The PCM experiencesnost
of thewarmingin the North Atlantic andalongthe Antarctic circumpolarcurrent(ACC);
thereis a relatve minimum of warmingin the centralNorth Pacific. The assimiateddata
alsohasmostof its warmingin the North Atlantic (but farthernortheasthanin PCM)
andthe ACC; a bandof smallervaluesis seenin the Pacific, asin PCM, but alsoextends
into the southeasPacific. The patterncorrelationbetweerthe two fieldsis 0.56,which is
significantatthe 95%level (basednthe 12 degreesof freedomleft afterthe spatialfilter-
ing). Notethatthe PCM field is smootler at leastpartly becausef the greateraveraging
done(acrosslOyearsand3 ensemblanembers) This averagingis desirableasit reduces
high frequeng variability not of interesthere,but is not possiblewith the short, unique

realizationof the assimibteddataset.

d. Final model drift

The degreeof drift still needgo be tested becausef the variousapproximatnsand
inferencesoutlined above. This was doneusing a 50-yearcontrol run with the assimi-
latedinitial conditians but anthropogenidorcing held fixed at 1995 values. The results
areshowvn in Fig. 6. Theheavy solidline is the global averagesurfacetemperaturdor the
controlrun with assimilatednitial conditions.Also shavn is the ensembleverageglobal
surfacetemperaturdor thefive BAU runs(light line with circles),alongwith +/- 2 standard
deviations(dottedlines). Thetemperaturelrift in thecontrolrunis about0.2C in 50years.
This comparegavorablyto the forcedresponsef 1.0 C over 50 years,asestimatedrom

the BAU runs. Thus,the assimiationtechniquereduceghe problemof drift to the point
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Figure5: Temperatur@anomaly(C) belov 250 m. Top: modelfield, decadeof the 20905.
Bottom: assinilated datafield, year1997.
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whereit is no morethanl partin 5 of the forcedsignal. Additionally, by year2050the
distribution of valuesfoundin the BAU runsis well separatedrom thevariability foundin
thecontrolrun.

Thereis reasorto think the drift attributableto theinitial conditions might actuallybe
muchsmallerthanthis. The climatestatein 1995is notin equilibrium, sincethe anthro-
pogenicdforcingin 1995is increasingvhile theadjustmentime of the climatesystemis on
theorderof decadesTherefore onewould expectthe modelto drift evenif no anomalies
wereimposedin theinitial conditian. This wastestedin a separateun, illustratedby the
heary brokenline in Fig. 6, which wasstartedwith pre-industriamodelclimatologywith-
outary assimiatedT andS anomaliesAs expected startingwith 1995forcing conditions
but pre-industral modelclimatolagy resultsin afast(~5 yrs) initial temperaturelisconti-
nuity asthe surfaceoceancomesinto adjustnentwith the forcing, but thereafterthe drift
in the run without assimiatedinitial conditians is virtually the sameasthat found using
theinitial conditions. The initial conditionsare thusfulfilling their role of capturingthe
changes$n ocearstatebetweerll870and1995(thereforeminimizing theinitial shock),but
apparentlycontributelittle to modeldrift in andof themseles.

We concludethattheanomalycouplingmethodsatisfieghedesiredcriterionof initial-
izing with an obsenationally-basedestimae of the climate statein the late 20th century

while still imposng minimal drift onthe modelsolution.

5. Initializing to a neutral ENSO state

The assimilateddatacoveredthe period1992-1997.As notedin Fig. 4, thelastthree
yearsof this periodprovide thebestfit betweerthemodelandobsereddeepheatingfields.
However, 1997wasalsothe yearduringwhich anextremelystrongEl Nino developed.It
was deemednappropriateo includetheseunusualconditionsin the modelinitialization
(althoughthe actualeffect of doingsoappearsinimportanbasedntheensemblef BAU
runs,which werestartedfrom variousinitial conditionsof the controlrun).

To remove the ENSO and other high frequeny (surfacetrapped)variabiity, thereby

initializing the modelto neutralconditians, a vertical weighting schemewas appliedto
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the assimiated temperatureanomaliesdbeforethey were addedto the modelclimatdogy.
The objective of the schemas to presere the heatcontentanomalyassociatedvith the
anthropogenievarming,but dampthe heatcontentanomaliesassociateavith ENSOand
otherinterannuato decadakariability. Accordingly, temperatur@anomalieselov 250m
werenot altered(to presere the anthropogem warmingsignalaccumulatedrom 1870to
1997),while valuesabore 250 m wererampedo zeroatthesurface.

An estimateof the effect this weightinghason the anthropogenitieatcontentsignal
is shavn in Fig. 7. In theleft panel,the heavy line is the ensembleaverageof five PCM
historical integratiors, shawving the vertical profile of oceantemperatureanomaliesthat
arisefrom anthropogerm forcing over the period 1870to 1995 (averagedover the globe).
The signalis largestat the surfacebut still hassignificantexpressioneven down to 3000
m. Applying the weighting profile (right panelof Fig. 7) to the temperaturesesultsin
the profile shavn asthethin line with circles. This profile has18% lessheatcontentthan
theoriginal verticaltemperaturerofile, i.e., 82% of the anthropogermi heatcontentsignal
is retainedby this weighting. Note that the profile of anomalies is 0.15 C colderat the
surfacethanat 200 m. This would resultin an unstabé densityprofile if the anomalies
werenotaddedbackontothe meanbackgroundtonditionswhich have afar greaterstable
stratification(> 9 C overthetop 200m) thatpreventsinstablity from occurring.

The vertical temperaturgorofile of the ENSO signalis moretop-trappedhanthe an-
thropogenicsignal. This canbe determinedy takingthe leadingE OF (not shawvn) of the
White (1995) three-dimensioal temperatureXBT-baseddataset, horizontally averaged
andhigh-pasdiltered to remove periodslongerthan?7 yrs/cgycle (i.e., retainingENSO pe-
riods but discardingthe secularanthropogeniasignal). The peakin the responsas at 40
m depth;87% of ENSO’ r.m.s.heatcontentsignalis above 250 m. Applying the same
weightingprofile (Fig. 7, right panel)removes51%of theheatcontentsignaldueto ENSO
(comparedo 18% of the heatcontentsignaldueto the anthropogenidorcing). While not
perfect,this schemeagivesa reasonableompromig betweerremoving the ENSOssignal,

retainingthe anthropogerd signal,andsimplicity.
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It shouldbe notedthatinitializing the modelto nearneutral ENSO conditionsin the
oceandoesnot preventthe subsequerdevelopnentof any non-linearinteractiondbetween
anthropogenid¢orcing andENSO (or otherinterannuato decadalariabiity). Thisis im-
portant,asis well known thatseasonalainfall andtemperaturesver the westernU.S. are
affectedby ENSO (e.g.,Cayanet al. 1999)andthe north Pacific oscillation(NPO; e.g.,
Latif andBarnett1996). Theseeffectswill be presenin the pilot-ACPI predictions,and
it is entirely possilbe thatone manifestatiorof anthropogenidorcing will be a changen
the frequeny or amplitwde of ENSO (e.g.,Caneetal. 1997, Timmermannetal. 1999,
MeehlandWashingtm 1996). This could be oneof the dynamicalmechanismé&y which

theaverageclimatein year2050is changedandsoits inclusionhereis important.

6. Assimilated versus spun-up initial conditions

Therearetwo reasondor initializing the modelfrom obsenationsratherthanusing
a long spinuprun from pre-industrialconditiors: 1) to save computertime; 2) to obtain
aninitial conditionthatgivesa moreaccuratesimuation of future climate. The anomaly
couplingtechniquecertainly saves compuer time, which leaves us with the questionof
whetherit leadsto moreaccuratepredictions Althoughthis will not be known for some
decadesye canat leastevaluatewhetherthe assimihatedinitial conditonsmadeary dif-
ference.This evaluatian is possibé becausdherealreadyexists a setof “standard”’PCM
runsthatstartwith pre-industriatonditicnsandintegrateforwardpastyear2050with BAU
forcing.

A problemwith evaluatirg whetherthe assinlated initial condition madeary differ-
enceis the small samplesize: the pilot ACPI ensembledave only threemembers. To
addresghis, we usedthe non-parametri¢cechniquedevised by Preisendorfeand Barnett
(1983),whichwasconstructedpecificallyfor thistypeof problem.Outputsarea‘SITES’
and‘'SPRED’ statistt (describedelow).

Briefly, for every variable(e.g.,globaltemperaturejve have two datasets,eachwith n
ensemblanembersandp spatialpoints. In our case the two datasetsarethe pilot ACPI

runsandthestandardPCM BAU runs,eachwith 3 ensemblenembersTheSITESstatigic
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givesthedistancebetweerthe centroidsof thetwo swarmsof »n pointsin thep-dimensonal
statespace.As such,it takesinto accountdifferencesn bothther.m.s.meansof the data
(the lengthsof the statevectors),and their geographicalpatterns(the directionsof the
statevectors). The SPREDstatisic is anindicator of the intra-ensemblescatter These
statistcscanbe comparedo estimate®f the expecteddistributionsof SITESandSPRED
obtainedby the ‘PPP’ randomsubsetig procedurgPreisendorfeand Barnett1983;the
ideais similar to the bootstrapschemeof Efron 1993). The endresultshons how likely
is the actualgroupingof ensemblanemberdnto datasets. If the groupingappeardo be
randomthenit canbeinferred(in our particularcasehatthereis no systematidifference
betweerrunswith assimiatedor spun-upinitial conditions. Otherpossibleoutcomesare
thattheensembleareunusudly different,whichwould suggesthattheassimiationhada
significanteffect, or thatthe ensembleareimprobablysimilar, which would suggesthat
theinitializationtechniquefailedto modify theinitial T, Sfieldsin thefirst place.
Examplesof the SITES statigic for two testcasesjntendedto illustrate the natureof
the statistc, areshawvn in Fig. 8. In this andlater plots threeyearchunksof the dataare
averagedogetherto reduceyearto-yearnoise.In thetop panel,annuallyaveragedsurface
temperaturgTS) over North Americafrom two different3-memberensemble®f PCM
historicalrunsarecomparedThis caseis usefulbecausét illustrateswhatto expectwhen
only naturalvariability is acting. The X axisindicatesheyearof comparisonln thiscase,
the statisticalpropertiesof TS in setl arebeingcomparedo the samefield in set2, at the
same year. For example,at X=1940, we seethat Y ~60, which indicatesthat the actual
SITESstatisticfor this casewasin the 60th percentileof the estimatedlistribution. Thus,
the actualvalue of the statisic waslikely to occurby chanceandwe cannotconfidently
asserthatthereis ary differencebetweerrunsin setl and2. For smallpercentileg<10),
runsin setl and2 aremoresimilar to eachotherthanwould be expectedby chancegiven
the naturalvariability; for large percentileq>90), runsin set1 and2 are moredifferent
thanexpectedby chance.Theresultsin the top panelshow the historicalPCM ensembles

are statisically indigtinguishble from eachotherwhensampledat the sameyear In the
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Figure 8: SITES statigic for two testcases. Top: surfacetemperaturgTS) over North
Americafrom two separate8-memberensemblesgcomparedat the sameyear; no differ-
enceis expectedbeyondthatarisingfrom naturalvariability. Bottom: large scaleprecipi-
tation(PRECL)overtheglobe,comparingyear1880to lateryears.By 2000,a significant

differences found. Seetext for furtherdetails.
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bottom panel, globally averagedlarge-scaleprecipitation(PREQ.) fields are compared
for athee-membeensemblef historical runs(1880-1999)extendedby BAU runs(2000-
2050). In this case,the fields at year 1880 are beingcomparedo fields at progressiely
later years. The SITES statistc shaws that by year 2000, the global precipitationfield
hasbecomesignificantlydifferentfrom thatfoundin 1880. This caseis usefulbecausat
illustrateswhatto expectwhenthetestfieldsaredifferent.

Figure9 shavsthe SITESstatistt comparinghepilot ACPI runsto thestandard®CM
BAU runs over North America. If the differentinitial conditiors madea differenceto
the climate, thenthis statigic would startsignificantly high (>90), thendrop to average
valuesafter somephyscally-dictatedtime lag. What Fig. 9 actually shavs is that the
varying initial condition madeno difference,even at shorttime lapses,to ary variable.
For completenesswe also checled the northernhemisphereand global fields, and the
SPRED(intra-ensemblevariance)statisticaswell asthe SITES statisic. In no casedid
theinitial conditonsmalke ary difference gxceptto theaccumulate@gnav depthfield atop
Antarctica, which was not resetto a consistentvalue at the startof all the runs (this is
irrelevantto the oceaninitializationprocedurave areexamining).

It is worth carefully consideringthis resultin light of section4, which shoved that
the heatcontentanomalyobtainedfrom the PCM spinuprunsis similar in patternand
magnituek to the assimiatedinitial conditions(Fig. 4). It is likely thatthe null effect of
assimibtedinitial conditionsis anotherreflection of the similarity betweenPCM andthe
assimiateddata.If so,thenamodellesslik etheobsenationsmightbenefitsubstanally by
usingtheassimiatedinitial conditions.In any event,the correctconclusim is not thatthat
thedetailsof the 1995climatemake no differenceto lateryears but ratherthatsubstiuting
the assimilatednitial conditions into PCM in place of the spinupconditionsmakes no
differenceto laterclimate. It cannotberuledoutthatthisis simply becaus®CM simuates

theinitial conditionratherwell.

7. Summary and conclusions

The objective of the pilot-ACPI projectwasto produce‘end-to-end’forecastof hy-
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Comparing pilot-ACPI to BAU, NorthAmerica , n=3
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Figure 9: SITES statigic comparingthe pilot ACPI run to the standardPCM BAU
runs. Variables comparedare: TS=surfice temperature; CLDTOT=cloud fraction;
PRECG=corvectie precipitatio; PRECL=lage scaleprecipitation PSL=sedevel pres-

sure;SNONH=snav depth.Valuesover North Americawereincluded.Seetext for further

details.
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drologicalprocessesver thewesternU.S. in theyear2050. This involvedinitializing the
coupledocean-atmosphemodelto thecurrentobseredclimatestate runningthecoupled
modelto the year2050andbeyond with projectedanthropoger forcing, anddownscal-
ing the resultsto the hydrological impactover the westernU.S. This note describeghe
techniquesisedto accomplishthefirst element(initiali zing the coupledmodelto obsered
conditiors) andan evaluaton of the differencethis made.
Therewerethreemainproblemsncounteredthelack of comprehensethree-dimensional
temperaturendsalinity obsenationsto initialize to, the likelihoodof modeldrift arising
from insertingobsened conditiansinto a numericalmodel,andtheinitializationto a short
datasetthat includedan unusuallystrong El Nino year (1997). The first problemwas
solved by usingan assimilaed datasetfrom a full adjoint model. The secondproblem
wassolved by usingananomalycouplingtechnique suchthatthe obsered heattransport
anomaliesssociateavith theanthropogenisignalwereaddedontothebasemodelclima-
tology. It wasshawn thatthis techniquewvorked becauseéhe modelandobsenred patterns
of anomalougemperaturaveresimilarin both strengthandmagnitide. The lastproblem
wassolved by rampingtemperature@anomalesto zeronearthe surface(above 250 m), so
thatthe main partof the anthropogeniteatcontentsignalwasretainedwhile the higher
frequeny signalsof interest(suchasENSO)weredampedowardsneutralconditions.
Comparingthe predictionsof the pilot ACPI runs to standard(spunup from pre-
industral condition3 PCM BAU runs, it wasfoundthatthe assinilated initial conditions
madeno systematidifference.This is likely anothemreflectionof the similarity between
the modeland obsened patternsof anomalougsemperatureswitching from the spinupto
theassimiatedconditinsis a relatively smallchange.This might be differentin a model
thathadaworserepresentationf theanomalog ocearmeatcontenin thelate20thcentury
This work leavesunansweredavhy the modelspinupandassimiatedinitial conditions
aresosimilar. It mightbethatboththe modelandtheassimiationareskillful in predicting
this field, in which casetheir similarity is testamento the good quality of the results.

It could alsobe becauséoth are basedon moderngeneralcirculationmodels(although
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differentones) which mighthave similar systenatic errors.Independenanalysisof model
versusobsenred heatcontentfields (Levitus et al. 2001,Barnettet al. 2001)suggesthat
modelscan, in fact, skillfully capturethis field. However, a detailedcomparisorof the
assimihtedversusobsenred dataremainsto be done. It is hopedthat this issuewill be

addresseth afull ACPIproject.
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