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Abstract

The seasonaand annualclimatologicalbehaior of selectedcompo-
nentsof the hydrologicalcycle arepresentedrom coupledanduncoupled
configurationsof the atmosphericomponenbf the CommunityClimate
SystemModel (CCSM), the Community AtmosphereModel Version 3
(CAM3). The formulationsof processeshat play a role in the hydro-
logical cycle aresignificantlymorecomple« whencomparedwith earlier
versionf theatmospherienodel. Major featuresof thesimulatechydro-
logical cycle will be comparedagainstavailable obsenationaldata,and
the strengthaandweaknessewill be discussedn the context of thefully-
coupledmodelsimulation.

1. Intr oduction

The accuratetreatmentof Earth's hydrologicalcycle, the circulation of waterin the
climate system,is centralto scientific explorationsof climate dynamicsand climate
change.Hydrological processesire anintegral part of the generalcirculationin that
they play amajorrole in the enegy budgetof the planet,anddo soin avery complex
way on a wide rangeof spaceandtime scales.Watercanbefoundin all threephases
in theclimatesystemandis a stronglyradiatively-active atmosphericonstituenin all
forms. Theliquid andfrozenphasesaremostfamiliar in the form of clouds. Clouds
play a dominantrole in regulatingthe enegy budgetof the planet,andtheir behaior
remainsa major sourceof uncertaintyin our ability to projectthe effectsof climate
change((e.g., Stephensaind Webstey 1981; Cesset al., 1990; Stephensand?? |PCC
TAR). They cool Earthby reflectingsolarradiationbackto spacewhile at the same
time warmingthe planetby absorbinghermalradiationemittedfrom the surfaceand
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lower regions of the atmosphere.The processesesponsiblgor phasetransitionsof
wateralsocontributeto the diabaticforcing of Earth’s dynamicalcirculations,andare
key to the overall enegy budget. This is particularly true for the thermally driven
circulationsin thetropicsandsubtropicgChahine 1992).

The hydrologicalcycle beginswith the evaporationor sublimationof waterfrom
Earth’s surfacewhereit is transportecby the ambientmotion field. Whenthe air is
lifted, it coolsandallows waterin the vaporphaseto condensén clouds.whereit can
existin boththeliquid or frozenphase Microphysicalprocessedeterminevhetherthe
cloud condensatés re-evaporatedchangegphase or grows particleslarge enoughin
sizeto precipitatebackto the surface.Oncethe precipitationreacheshe surfaceit can
bere-evaporatedcanproducerunoff thatfindsits way into lakes,rivers,andoceansor
caninfiltrate thesurfaceandbestoredin thewatertable. All of theseprocessesperate
on an all-inclusive rangeof time and spacescales,andare very difficult to quantify
obsenationally. The mostreliableobsenationalguidanceon the characteristicef the
hydrologicalcycleis onrelatively longtime scalesaandrelatively largespacescales As
such,currentobsenationaldataprovide relatively weakcontraintson the formulation
of hydrologicalprocesse globalmodels.A majorchallengeo thedesignof global
climatemodelsis to realisticallyincorporatephysicalprocessethatoperateon scales
of motion distinctly separatdrom thoseof the largerscaleresohable circulation, but
stronglyinfluencethe behavior of theatmospheren all time andspacescales.

Version3 of the CommunityAtmosphereModel (CAM3) is the latestin a succes-
sion of generalcirculation modelsthat have beenmadewidely availableto the sci-
entific community originating with the NCAR Community Climate Model (CCM).
This modelis the atmosphericomponenbf the CommunityClimate SystemModel
(CCSM),afully-coupledmodelingframeawork thatcanbe usedfor abroadclassof sci-
entific problems.The CCSM3representshe latestgeneratiorof this modelingframe-
work, andis discussedn moredetailby (Collins et al. 2004a). CAM3 incorporatesa
significantnumberof changeso thedynamicalformulation,thetreatmenbf cloudand
precipitationprocessesadiationprocessesandatmospheri@aerosolsandis discussed
morefully in (Collins etal. 2004c).Therepresentationf cloud andprecipitationpro-
cessedasbeensignificantly revised, including separatdreatmentsf liquid andice
condensatelarge-scaleadwection, detrainmentand sedimentatiorof cloud conden-
sate;and separatdreatmentf frozenandliquid precipitation(Boville et al. 2004).
The parameterizatiomf radiatve transferhasbeenupdatedto include a generalized
treatmenibf cloud overlap (Collins et al. 2001) and new treatmentf longwave and
shortwave interactionswith watervapor(Collins et al. 2002a,2004b). Finally, a pre-
scribedclimatologicaldistribution of sulfate,soil dust,carbonaceouspeciesandsea
saltbasedupona three-dimensionahssimilation(Collins 2001; Raschet al. 2001)is
usedto calculatethe directeffectsof tropospheri@erosolontheheatingrates(Collins
etal. 2002b).This latterchangds notevorthyin thecontect of whatfollows giventhat
the radiative effects of atmospheri@erosolhasbeenshowvn to stronglyinfluencethe
behavior of hydrologicalprocessegHansen??;Ramanathaand??).

The CAM3 hasbeendesignedo provide simulationswith comparabldarge-scale
fidelity over arangeof horizontalresolutionsor several differentdynamicalapproxi-
mations.This principally requireamodificationgo adjustablgparameter theparam-
eterizedphysicspackageassociateavith cloudsand precipitation. Consequentlythe
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detailedhydrologicalprocesshehaior hassomedependencen horizontalresolution
andtheformulationof the dynamicalcore. Theseissuesalongwith the sensitvity of
the simulatedclimateto modelresolutionis discussedn moredetailin Hack (2004),
Yeageret al. (2004),and DeWeaver and Bitz (2004). The standardconfigurationof
the CAM3 is basedon an Eulerianspectraldynamicalcore, wherethe vertical dis-
cretizationmakesuseof 26 levels (L26) treatedusingsecond-ordefinite differences
(Williamson 1988). The vertical domainis essentiallythe sameasin earlier mod-
els, but employs 8 additionallevels which were includedto betterrefine the upper
tropospherandlower stratosphereThe discussiorthatfollowswill focusonthe stan-
dard CAM3 configurationthat usesa 26-level 85-wave triangularspectraltruncation
(T85L26). Thistruncationtranslatego a 1.4°transformgrid (~ 150km neartheequa-
tor) on which non-linearand parameterizeghysicstermsare evaluated. This reflects
a four-fold increasen the numberof horizontaldegreesof freedomwhencompared
to earliermodels(Hack et al. (1994),Kiehl et al. (1998),Kiehl and Gent,2003). A
20-year5-memberensemblepsing obsened seasurfacetemperaturesind obsened
seaice, is usedto characterizé¢he meanfeaturesof the simulatechydrologicalcyclein
theuncoupledconfiguration.Thesesimulationcharacteristicarethencontrastedvith
simulationpropertiesobtainedirom the fully-coupledCCSM3(Collins etal. 2004a).

Thereare a large numberof obsenational datasetselatedto Earth's hydrologi-
cal cycle. The datasetave will useincludethe 40-yearreanalysisdataseERA40)
from the EuropeanCenterfor Medium RangeWeatherForecastingECMWEF). The
archive consistsof monthly meandataon 23 pressurdevelsin the verticalat 2.5 de-
greeresolution. The dataare regriddedto T42 spectralresolutionfor our analysis.
The Nimbus-7 Cloud Matrix total cloud dataare derived from the TemperatureHu-
midity InfraredRadiomete(THIR) and Total OzoneMappingSpectromete(TOMS)
measurement®r the periodApril 1979-Mar1985. Retrieval algorithmsaredescribed
in detailin Stave etal. (1988,1989). The Global PrecipitationClimatology Project
(GPCP)Version-2Monthly PreciptationAnalysisis a global precipitationdatasebn a
2.5degreegrid extendingfrom 1979-2003 1t is ameigeddatasetonsistingof satellite
microwave andinfrared dataandsurfacerain guagedata. The CPC MergedAnalysis
of Precipitation(CMAP) is aglobalmonthly precipitationdatasebn a 2.5 degreegrid,
coveringthe period 1979-1998.The National Aeronauticsand SpaceAdministration
Water Vapor Projectglobal water vapor datasef{NVAP) is a water vapor and liquid
water patharchive at 1 degreeresolutionthat extendsfrom 1988-1999.The blended
analysisincludessatelliteretrievals of watervaporfrom the Television and Infrared
OperationaSatellite(TIROS) OperationaMertical Sounde(TOVS), the SpecialSen-
sor Microwave/Imager(SSMI), aswell asradiosondemeasurementsTHIS NEEDS
MUCH MORE WORK AND THE ADDITION OF ISCCR SSMIRETRIEVALS OF
WENTZ, AND THE NEW MODIS DATASET(S).
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2. Mean-State Simulation Properties: Uncoupled Con-
figuration

a. Global Mean Properties:

We begin our discussiorof the simulatedhydrologicalcycle by examiningthe global

annualbudgetof waterin the CAM3 usinga a 22-year5-memberensemblghatwas

drivenby obsenedseasurfacetemperatureandobsenedseaice for the period1979

through2000. Theland surfacein thesesimulationds fully interactive. The simulated
global annualprecipitationrate of 2.86 mm/dayis approximately7% larger thanthe

CMAP satellite estimate(ref). We also note that the magnitudeof the hydrological

cycle, asdefinedby the globalannualprecipitationrate,is a bit morethan8% wealer

thanin the previously documente@tmospherienodelin this seriegHacketal. 1998).

The reductionin the hydrologicalcycle is largely attributableto significantchanges
in the surfaceenegy budgetassociatedavith theintroductionof specifiedatmospheric
aerosolsandwill bediscusseelsavherein this specialissue.Fig. 1 shavs the break-

down of the precipitationand evaporationexchangesof waterin absolutetermsbe-

tweentheatmospherandland,oceanandseaice surfacesalongwith runoff from the

landandice to the oceansTherelative distribution of surfaceexchangas remarkably
similar to renormalizedbbsenationalestimatege.g.,PeixotoandKettani,1973). The

obsenationalestimate®f precipitation gvaporationandrunoff, arenormalizedby the

CAM3 simulatedvalueof global precipitation,andshow thatall termsin the surface

exchangegyenerallyagreeto within afew percenbof therelative partitioningcontained
in theobsenationalestimate.

Figure 1 also shaws the time averagedstorageof waterin the atmospheren all
threephasesassimulatedby the CAMS3, alongwith estimate®f watervapor(i.e., pre-
cipitablewater)andcloud liquid waterretrievedfrom MODIS. We have usedMODIS
estimatesincethisretrieval providesthemostcomprehensie globalcoverageof cloud
liquid water, but not necessarilghe mostdefinitive retrievalsof precipitableandcloud
liquid water Thetotal resenoir of waterin its frozen, liquid, andvapor stateis bro-
kendown by its distribution overland,ocearandice. Fromthis perspectie,the CAM3
doesareasonabl@b of simulatingthedistribution of waterwith regardto surfacetype.
Sincethesenumbersare stronglyweightedby the fractionalareasof oceanJand and
seaice, it's no surprisethatthe largestfractionfor eachphaseresidesoverthe oceans,
Thetablein Fig. 1 suggestshatthe CAM3 generallyoverestimateprecipitablewater
in the atmosphereopverestimateloud liquid water over the oceansand underesti-
matescloudliquid wateroverlandandseaice. Anotherway to look at thedistribution
of water andits exchangewith the surface,is to quantify the averagepropertiesfor
eachof thethreeunderlyingsurfacesasshavn in Tablesl and2.

Table 1 shaws precipitationandevaporationdatafor the CAM3, evaporationdata
for theERA4OQreanalysisandprecipitationdatafrom the CMAP climatology We have
notincludedERA40Qprecipitationestimatebecausef known spin-upproblemsn the
analysisof precipitation(SakariUppala,personalcommunication). The evaporation
side of the water budget, however, doesnot suffer as muchfrom hydrologicalspin-
up problems,and compareswvell with the da Silva et al. (1994) climatology (Anton
Beljaars personatommunication) CMAP providesonly onesideof thewaterbudget,
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Table 1: Annual Average Precipitationand Evaporation Rates by Surface Type
(mm/day)

Ocean Land Sealce Global
P E P E P E P E

CAM3 322 361 226 148 137 043 287 287
CMAP 311 — 193 — 110 — 268 —-
ERA40 — 358 — 149 — 041 — 284

Table2: Annual AverageStorageof Vapor, Cloud Water and Cloud Ice by Surface
Type(mm)

Ocean Land Sealce
Vapor Lig. Ice  Vapor Lig. Ice  Vapor Lig. Ice

CAM3 2792 .1270 .0191 18.29 .1055 .0199 6.40 .1530 .0334
MODIS 26.59 .0982 — 1564 .1311 — 445 2017 —
NVAP 25.65 .1127 — 20.15 — — 59%6 — —

ERA40 28.27 .1170 .0358 19.77 .0718 .0339 5.84 .0274 .0470

but providesa usefulquasi-independemeasuref the magnitudeof the hydrological

cycle, andthe distribution of precipitationacrosssurfacetypes. To someextent, the

disagreementi theseestimatedelp illustrate continuinguncertaintyin quantifying

the magnitudeof Earth’s hydrologicalcycle, even on long time scales. We seethat

the magnitudeof the CAM3 hydrologicalcycle is approximately7% larger thanthe

CMAP estimateusing global annualprecipitationas our measureput bearsa much

closerrelationshipto thereanalysisf we useglobalannualkvaporatiorasthe measure.
With regardto precipitation,in arelative senserecipitationratesaregreateroverland

andseaice in the CAM3 whencomparedo oceanicratesusing CMAP estimatesas

thereferenceobsenation.

The componentof water storagein the atmospherere generallydifficult quan-
tities to obsere on global scales. Much of this datacomesfrom satelliteretrievals,
oftenblendedwith in-situ and/oranalysisdata,andis mostoftenlimited to verticalin-
tegralsof precipitablewaterandcloudwater Table2 shavsthe simulatedprecipitable
water cloud liquid water and cloud ice waterby surfacetype for the CAM3, along
with comparablewvailable obsenationalestimategrom NVAP, MODIS, andERA40.
Onecanseethatthereare considerablaifferencedbetweerthe variousobsenational
estimatesand are of comparablemagnitudeto differenceswith the CAM3. Gener
ally speaking,the CAM3 appeargo agreereasonablywell with NVAP and ERA40
estimatef precipitablewater which areslightly higherthanthe MODIS retrievals.
Similarly, simulatedcloud liquid waterover the oceands greaterthanMODIS, but is
significantlylower than MODIS over land and seaice coveredsurfaces. WE NEED
TO SAY SOMETHING MORE ABOUT THE ANALYSESNOW THAT WE HAVE
THE DATA.
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b. Zonal Mean Properties:

We next look at the zonally time-areragedcharacteristicef waterexchangebetween
the atmosphereand the Earth’s surface. The zonally averagedseasonabnd annual
distribution of precipitationfor the CAM3 is shavn in Fig. 2 in comparisorwith pre-
cipitationestimategrom CMAP. In mostrespectshe CAM3 exhibits similar biasego
thoseseenin the CCM3 simulation. The amplitudeof thetropical precipitationis gen-
erallywell capturedalthoughthereis a slightly moreexaggeratediouble-ITCZthanin
CCM3, mostnotablyduring DJF The simulatedocationof the DJFITCZ maximum,
morethan10°northof theanalyzedCMAP maximumillustratesa major problemwith
therepresentationf tropical precipitation,which is the persistencef ITCZ-like pre-
cipitationin theNorthernHemisphereearround. This contrastswith all obsenational
estimatesvhich shav a clearseasonahigrationof ITCZ precipitationacrosgsheequa-
tor. Subtropicaiminimaaregenerallydisplacedoo far polevardseasonallyaswell as
annually asarethe secondaryprecipitationmaximain the extratropicalstormtracks.
The polewardshift of the CAM3 SoutherrHemispherestormtrackresultsin amodest
positive precipitationbiaswhencomparedo satelliteretrievals.

The zonally averagedseasonahnd annualevaporationrate is shavn in Fig. 3
for the CAM3 and CCM3. CCM3 is usedin this comparisonbecausenf problems
with identifying a comparablelobal obsenationaldatasetandto illustratethereduc-
tion in the magnitudeof the hydrologicalcycle betweenCCM3 and CAM3. These
figuresclearly showv a significantand systematiaeductionin the CAM3 evaporation
rateswhencomparedo the CCM3. This reductionin the magnitudeof the hydrolog-
ical cycle is primarily associatedvith the introductionof a climatologically-specified
distribution of atmospheri@erosolthat producea significantreductionof netsolarra-
diation at the surface. As wasthe casefor the CCM3 atmospherianodel, the most
vigoroustransferof waterto the atmospher®ccursin the subtropicsvith evaporation
ratesreachingmaximumvaluesnear15°N and 15°S. Consistentwith obsenational
analysesthe SoutherrHemisphereoceansarethe principal sourceof waterpowering
theatmospheridydrologiccycle in the CAM3. The suppressionf evaporationin the
vicinity of ITCZ corvectionis a realistic featureof the CAM3 simulation,which is
in goodagreementith correspondingceanicestimatege.g.,seeOberhuber1988;
Donegy andLarge,1997;Kiehl, 1997;LargeandYeagey2004).We alsonotea substan-
tial reductionin the surfaceflux of waterto the atmosphergolevard of 80° N which
introducesa large changein the waterbudgetover the Arctic whencomparedo the
CCMs3.

The zonally averagedseasonaandannualnet surfaceexchangeof water £ — P,
is shavn for CAM3 andCCM3in Fig. 4, andis quantifiedin unitsof enegy (wherel
mmday ! ~ 29.055Wm~2). TheCAM3 simulatesastrongseasonateridionaloscil-
lationin the sourceregions,but a relatively weakseasonamnovementof the equatorial
watersink. The weakmeridionalexcursionof the netwatersink in the deeptropics
is largely attributableto the unrealisticallyweak seasonainigrationof ITCZ precipi-
tation. Theregions10°N — 40°N and10°S — 40°S arewell definedsourceregionsof
total water wherethe deeptropicsand high-latitudeextratropicsrepresenthe princi-
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palsinks.In mostrespectsthe CAM3 netwaterbudgetbearsremarkablesimilarity to
the CCM3, especiallyconsideringthe relatively large local changesn theindividual
componentof the water exchange. The largestchangesn E — P occuralongthe
equatoyandpolevardof 60 °N. The equatorialdifferencesarelargely a consequence
of reducedprecipitationratesthatis manifestedn theform of astrongerdoublel TCZ,
particularly apparenin the Indian Ocean. Over the Arctic the evaporationdeficit is
nearlytwice aslargeasin the CCM3, largely dueto large systematiadeductionsn the
surfaceevaporatiorrate.

Thezonally averagedorecipitablewater, or verticalintegral of the specifichumid-
ity, is shawvn in Fig. 5, alongwith the NVAP climatology The CAM3 is systematically
moisterthanthe CCM3, andin betteragreementvith zonally-averagedobsenational
estimatesuchasNVAP. Thelargestbiasis presentyearroundnear30°N, exceeding
4 kg m—2 (or 4 mm) over mostof theregion betweenl0°and40° N. As we will show,
the agreemenin the zonalmeandistribution of precipitablewateris the consequence
of afortuitouscancellatiorof errorsin thelongitudinaldistribution.

As mentionedearlier, clouds provide importantforcings on the climate system
throughtheir modulationof theradiative heatingfield. The climatologicaldistribution
of cloud andcloud condensatés thereforeworthy of somediscussion.The radiatve
effectsof the simulatedcloud field arediscussedn Collins (2004),wherewe confine
this discussiorto the extentof cloud cover andthe simulatedpathlength.

The annuallyandzonally averagedmeridionaldistributionsof total cloud amount
areshavn in Fig. 6 for CAM3, ISCCR and Nimbus 7. The CAM3 cloud field is
markedly differentfrom the CCM3. Total cloud cover in the tropicsand poleward of
the extratropicalstormtracksis significantlyreducedn the CAM3. Thisis dominated
by a sharpreductionin high cloud over mostof the globe,andreductionan mid and
low-level cloud at high latitudes. The reductionsin tropical high cloud are compen-
satedby increasesn middle-level cloud,wherelow level cloud hassystematicallyin-
creaseaquatorvardof 60°N and60°S. Thereductionin high cloudis moreconsistent
with ISCCPestimatesyhile the increasen low level cloud amountis more consis-
tentwith Warren(19XX). Despitesomeimprovementin the distribution of simulated
cloud amount,importantbiasesn the meridionaldistribution remainin CAM3. One
of themoreohviouslongstandingleficienciess thelocationof theminimain subtrop-
ical cloud cover, near20°latitudein the obsenationalrecord,but closerto 30°in the
CAM3 simulation.Thisdifferencehasimportantconsequencesr theradiative budget
of the subtropicswvhere,for example,the tropical shortare cloud forcing is too broad
andthereforetoo strongfor muchof the subtropics. Theradiative issueselatedto the
simulationof cloudandcloud optical propertieds notthefocusof this manuscriptbut
will bediscusseclsavhereusingthe ISCCPsimulatordevelopedin Klein andJalob
(1999)andWebbetal.(2001).

As notedin Table2, condensedvaterin the atmospherés several ordersof mag-
nitudesmallerthanstoragen thevaporstate,andyetis of comparablelimateimpor-
tancein termsof modulatingthe global radiationbalance(e.g., Wielicki et al., 1995;
Kiehl, 1994b). Zonally and annuallyaverageddistributions of liquid water pathare
shavnin Fig. 7 for the CAM3, andfor several satellite-dened products. The CAM3
exhibits sharplydefinedmaximafor cloudliquid waterin thedeeptropicsandat60°N
and60°S. Simulatedcloudwaterin thetropicsandsubtropicsagreesnostcloselywith
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the SSMI retrievals of Wentz et al (19XX), andrepresenta ~ 30% overestimateof

cloud waterin the ITCZ for both the MODIS and NVAP retrievals. Cloud waterin

the extratropicalstormtracksis approximatelytwice aslarge asin the ITCZ, andap-
proximatelytwice aslarge as diagnosedyy ary of the available retrievals. The one
exceptionis a new MODIS retrieval underdevelopmentby membersof the CERES
ScienceTeam,which shavs high latitudecloudliquid waterpathsof comparablenag-
nitudeto the CAM3 simulation. Unlike the CCM3, the seasonabehaior of the sim-
ulatedzonalaverageof cloudliquid waterdoesnot shav a strongseasonabscillation
at high latitudes. The JA simulationshows the strongesteparturefrom the annual
meandistribution, with slightly enhancediquid waterpathsin theITCZ andNorthern
Hemispherdigh latitudes.Similarenhancemen@reseenin thevariousobsenational
estimatesalthoughtherelative biasediscusseaarlierremain.

A quantity for which little in the way of globally obsened dataare available is
ice waterpath. Zonally, annually and seasonallyaverageddistributions of ice water
pathassimulatedby the CAM3 areshowvn in Fig. 8. As is the casefor cloud liquid
water, cloud ice waterexhibits large differencesetweenthe tropicsand extratropics.
Southernhemisphereextratropicalice water pathsare nearly threetimes as large as
in the ITCZ, exceeding40 gm m~2. Unlike the liquid water distribution, ice water
hasa very strongseasonatycle at high latitudes,with maximumextratropicalvalues
occuringin the respectie winter hemispheresThereis alsoa muchstrongerseasonal
shiftin cloudice atlow latitudeswith muchstrongertropicalice waterloadingduring
Borealsummer

c. Vertical Sructure:

Temperatureand watervapor are the two statevariablesthat jointly definethe static
stability of the atmosphereThe ability to properlysimulatethe thermalstructurealso
playsanimportantrole in the ability to properly simulatethe waterdistribution. Fig.
9 shows the CAM3 annualzonal averagedifferencesof temperatureandspecifichu-
midity differencedrom the ERA40reanalysiclimatology Overall,the CAM3 doesa
relatively goodjob of reproducinghe analyzedhermalstructure.Simulatedtempera-
turesarewithin 1°K to 2°K of the analyzedfield for mostof the domainboundedby
50°N and50°S. Overall,the CAM3 simulationrepresenta modesimprovementover
the CCM3. Tropical tropopauseerrorsare nearly halved when comparedo CCM3,
andhigh-latitudelower troposphericdemperaturetave beensignificantlywarmed. A
sizablepartof thewarmingchangess associateavith theincreasedorizontalresolu-
tion, mostnotablyin high-latitudemid-to-uppettroposphericemperatureéseeHacket
al., thisissue).Despitetheseimprovementsthe difficulty in properlysimulatingpolar
tropopauséemperatureeemainsalongstandinglocumentegroblemfor atmospheric
generakirculationmodels(Boeretal., 1992;morerecent?).

Global obsenational estimatesof the vertical distribution of waterin the atmo-
spherearenotoriouslydifficult to find, whereanalysisproductsprovide the bestavail-
able estimates.Even analysisproductscontinueto containlarge uncertaintiesn the
moisturefield (e.g., Trenberthand Guillemot, 1995; more recent?),sincethe water
vapordistribution continuesto dependuponthe parameterizettreatmeniof processes
involvedin the hydrologicalcycle. Neverthelesscomparisorof the reanalysigproduct
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againstiocally availableradiosondeobsenationssuggesthat the vertical structureof
thebiasesshawn in Fig. 8 arerobust. Thesezonally averagecbiasegyenerallyshov a
wetterthananalyzedatmospher¢hroughoutmostof thedomain.Themajorexception
is the meridionally-broadow-level dry biasbetween600 and900 mb in the tropics,
with biasesexceedingl gm kg~! in the zonalannualmean. The overall structureof
the watervaporbiasis similar to CCM3, but slightly exaggeratedn magnitude.Pre-
liminary analyseof this error suggesthat the vertical structurein the tropics, such
asthe positive water vaporanomalyat 500 mb, is strongly determinedby the form
of parameterizednoist corvection. Furtherevidencethat theselarge-scalebiasesare
realis shovn in Fig. 10, which illustratesvertical profilesof 6. andspecifichumidity
over Yap Islandin the tropical west Pacific during the monthof July. Thesefigures
shav how well the ERA40reanalysicomparedo radiosondalata,andthatthe lower
tropospheriadry biasandmid-to-upperntropospherianoist biasis a robustfeatureof
thesimulation. Thedry biasmaximizesnear850mbreaching3 gmkg—!. Watervapor
biasef this magnitudeandstructurehave a significantimpactof the moist staticsta-
bility of thetropicalatmosphereasis seenin the §. profiles,andarelikely to play an
importantrole in thelow latitudedynamicalresponséo diabaticheating.

The zonal averageof the simulatedvertical distribution of condensatés shavn
in Fig 11. The left panelsshow liquid water concentrationandthe right panelsice
water concentration. Most of the liquid water shovn in Fig. 7 residesbelov 900
mb with concentrationsangingfrom 0.05— 0.15 gm m—2 in the zonalannualmean.
Themid- andhigh-latitudeextratropicsexhibit very strongverticalgradientsyvhile the
vertical distribution in the deeptropicsis considerablymore diffuse. The cloud ice
waterdistribution generallyreachest’ s maximumconcentratiorseveralkm above the
freezinglevel, betweerb00 mb and600 mb in the extratropicalstormtracksandnear
300mb in the deeptropics. Maximum ice waterconcentrationgeach0.007gm m—3
and0.003gmm~—3 in therespectie zonalannuakxtratropicalanddeeptropicalmeans.
The high latitudeseasonaswingin ice waterpathis primarily determinedy changes
in ice waterconcentratiorin the lowestkilometer of the atmospherén the Northern
Hemisphere.The SouthernHemisphereseasonatycle is largely determinedby ice
waterloadingchangesn the free atmosphere Also, muchof the high latitude cloud
condensateonsistsof mixed phaseclouds,whereasdce andliquid waterregimesare
moreclearly separateih thetropics.

Finally, weillustratetheverticalstructureof themeridionaltransporof watervapor
in Fig 12. Meanmeridionalwatertransportis shovn in the left panels,andtransient
meridionalwater transportis shavn in the right setof panels. As shavn in Fig 4,
the deeptropics are a sink of moisture,the subtropicsare a sourceof moisture,and
regions poleward of 40°are sinks of moisture. As might be expected,the transport
of waterfrom the subtropicsinto the deeptropicsis generallyconfinedto the lower
1500 m of the atmosphereand largely handledby the meanmeridional circulation.
This transportexhibits the strong seasonabhsymmetriesassociatedvith the Hadley
Circulation (Trenberthet al., 2000). The majority of watervaportransportto higher
latitudesoccursoveraslightly deepeportionof theatmospheregccurringin theform
of transienteddytransport.Although muchwealer thanthe equatorvardtransportoy
the Hadley Circulation, a third of the total polewvard transportoccursin the indirect
or Ferrel Circulation. At higher latitudeseddy transportsoward the pole dominate



363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

transportby the meancirculation (Polar Cell), which actsto move watervaporfrom
thepolarregionsto lower latitudes.

d. Horizontal Structure:

In thissectionwe will examinethe horizontaldistribution of verticallyintegratedmea-
suresof waterandsurfacewaterexchangen the CAM3. We begin with theannually
averagedprecipitationfield shovn in Fig 13. Althoughthe CAM3 simulationcaptures
mary of the obsened featuresin the global precipitationdistribution, it continuesto
sharemary of the samebiasesxhibited by the CCM3. Most of the availableretrieval
dataagreethatthe mostserioussimulationerrorsoccurin excessve precipitationover
the westernindian Ocean the centralsubtropicalPacific, andin the vicinity of Cen-
tral America. The CAM3 alsocontinuesto underestimat¢he strengthof the Atlantic
ITCZ. The simulationalso continuesto exhibit a tendeng for the simulatedtropical
precipitationmaximato remainin the NorthernHemispherg/earround,anda slightly
greatertendeng for reducedprecipitationalongthe equatoy patricularlyin the Indian
Ocean.Thisis in sharpcontrastwith mostsatelliteestimatesywhich shav a clearsea-
sonalmigrationof ITCZ precipitationacrosshe equatorincludingthe IndianOcean.
The precipitationanomaliesn thewesternindianOceanarerelatedin partto defi-
cienciesn theZhang-McRrlaneclosureassumptionsatopic which hasbeenexplored
by severalinvestigatorgXie, 1999; Zhang,2007?). The mostseriousmanifestatiorof
theseproblemsappearsn the form of excessve precipitationratesover the Arabian
Peninsuladuring the NorthernHemispheresummermonths. Otherfactorscontribute
to this biasthroughoutheyear, includingthetendeng to anomalouslshift precipita-
tion to the northernindian Oceanduring the borealwinter, coupledwith anoveractve
anddisplacedprecipitationregime to the westand northwestof Madagascaextend-
ing from the MozambiqueChannelinto the Indian Oceaneastof Tanzania. Boreal
summeralsoexhibits anextremelyoveractive precipitationsimulationjust north of the
equatorand1000km to the southwesbf the Indian subcontinentThe excessve pre-
cipitationin the centralPacific subtropicds associateavith two simulationchallenges.
The CAM3 continuego have difficulty in properlypositioningthe SouthPacific Con-
vergenceZone, which is too strongin magnitudeandtoo zonalin structure,not ex-
tendingfar enoughinto the southernextratropics. This precipitationfeaturealsohas
atendeng to extendtoo far east,anothersymptomof the tendeng for the modelto
produceadoublelTCZ. The northernPacific biasis associatedvith a poorsimulation
of the very well definedprecipitationpatternthat extendsfrom the SouthChina Sea
throughthe Philippine Seaandinto the tropical equatorialPacific during the months
of July throughAugust. This precipitationpatternis representedsarelatively diffuse
extensionof the southeasAsian Monsoonwell into the centralPacific subtropicsand
is alongstandingprecipitationbiasin the CCM andCAM models.Othernotablefea-
turesof the precipitationdistribution is the inability to capturethe seasonatycle of
precipitationoff the westcoastof CentralAmerica,andwealer thananalyzedorecip-
itation ratesalongthe extratropicalwesternboundarycurrents. Precipitationover the
land surfacesgenerallytendsto be excessie, especiallyover the Congo. Exceptions
includelarge areasoverthe AmazonBasin,andmuchof United Statesastof thecon-
tinentaldivide. Finally, simulatedprecipitationratesin the high-latitudeextratropical
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stormtrack regions continuesto be slightly higherthanin currentsatelliteretrievals
suggest.

The simulatedevaporationfield (not showvn) illustratesthe importantrole played
by theoceansurfaceasa sourceof watervaporto theatmospherigenerakirculation.
As suggestedy the zonal means,both the northernand southernoceanscontribute
to the evaporationof water vapor year round, but with importantseasonalongitu-
dinal migrationsof evaporationcenters. The simulationexhibits a clear evaporation
minimum in the ITCZ yearround, with extensive regionsof high evaporationin the
respectie winter hemispheresBorealwinter includesevaporationmaximaalongthe
westernboundarycurrents(the Kuroshioand Gulf Stream)the Red Sea,the eastern
Bay of Bengaland easternequatorialPacific, all of which exceed10 mm day ! (~
290 W m~—2) in the 3-monthseasonamean. Otherfeaturesinclude maximain the
subtropicalwesternPacific, the westernequatorialAtlantic, andsoutherrindianocean
with evaporationrates>6 mmday—! (~ 175W m~2). As wasthe casewith CCM3,
broadregionsof evaporationarealsoseenover muchof SouthAmericaandSouthern
Africa exceedingd mmday~! (~ 120W m~2) in the seasonatverage. During the
Borealsummeythe well definedevaporationcenterstransitionto an extensie region
of high evaporationacrossthe southernoceanswith maximain the Southernindian
OcearandtropicalwestPacific. Evaporatiomrmaximain the northernPacific ocearmi-
grateeastvardto thevicinity of theHawaiianlIslandswith maximumevaporatiorrates
of 6 mm day~'. The principal evaporationregime in the Atlantic migratesinto the
southerrhemisphereandcontinentalevaporatiormovesinto the northernhemisphere,
mostnotablyeasterrNorth America, India, large portionsof eastandsoutheashfsia,
andsub-SaharaAfrica.

Togetherthe evaporationandprecipitationfields definethe propertiesof freshwa-
ter exchangebetweerthe atmospherandEarth's surface. Theannuallyaveragechor-
izontal distribution of £ — P is shown in Figure 14 for the CAM3. We notethata
comparableglobal obsenationaldatasetoesnot exist. The principal tropical precip-
itation featuresare clearly visible. Local waterdeficitsin the Inter-Tropical Corver-
genceZonegenerallyexceed4 mm day ') in the annualmean. The easterrPacific
subtropicscentral Atlantic subtropics andsouthernindian subtropicsarethe princi-
pal sourceof waterfor theatmosphereThe CAM3 simulatesalargeseasonatyclein
E — P overmuchof SouthAmerica,centralandsouthernAfrica, India, andsoutheast
Asia, mostly a reflectionof the seasonamigrationof deepcorvectionin responsdo
solarinsolation.Similar seasonalariability is seerver mostof Europeextendinginto
centralAsia, andover muchof North America. Most of Europeanda large portion of
North Americacan be clearly characterizeéswater sourceregionsduring JA, and
watersink regionsduring DJF

Thehorizontaldistribution of theannually-aeragedrecipitablewater andits dif-
ferencefrom the NVAP climatology is shavn in Fig. 15. To alargeextent,the CAM3
doesa very goodjob of capturingthe structureand correctmagnitudeof precipitable
waterin the atmosphereThereare,however, importantlarge-scalesystematidiases,
despiteexceptionallygoodagreemenin the zonalmeanstructure. Thelongitudinally
compensatin@rrangemenbf thesebiasesis responsiblefor the good agreementn
the zonalmean,wheresomeof theseregional biasesare well correlatedwith biases
in the precipitationdistribution. Precipitablevateris generallyoverestimatedhrough-

11



453

454

455

456

458

459

460

461

462

463

464

465

466

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

485

486

487

488

489

490

491

492

493

out mostof the Pacific basin,in the westernindian Ocean,Arabian Sea,and central
Africa. In sharpcontrastthe simulationexhibits a large spatially-coherentlry region
stretchingfrom the Americas acrosghe equatorialAtlantic, NorthernAfrica, andinto
Southernand Southeas®sia. In generalterms,the simulationis systematicallydry
over continentalregions,mostnotablyduringthe warm seasonThesewatervaporbi-
asesarelocally significant,particularlyover Sahararfrica wherethey canexceedl10
mm, or often half of of the obsenedprecipitablewater

Fig. 16 shavstheannualglobaldistribution of cloudliquid waterandcloudice for
the CAM3 simulation.The extratropicalstormtracks, featureof thelow latitudetrop-
ical circulation, suchasthe subtropicalsubsidenceegimes,and continentaldeserts,
areall clearlyvisible in the cloudliquid waterfield. The liquid waterpathfrequently
exceedf200gmm~—2 in thestormtracks,in contraswith mary of thesatellite-retriged
cloudliquid waterclimatologies.Liquid waterloadingat low latitudesis generallyin
betteragreementvith satellite-denedvalues althoughpathlengthsin the subtropical
subsidenceegimesareconsiderablysmaller particularlyin the SoutherrHemisphere.
This is a surprisingfeatureof the simulation, given the greaterthan obsened cloud
radiative forcing of theseregionsin the simulation.Cloudice sharesnary of thesame
regional characteristicas cloud watet The tropical distribution is highly correlated
with areasof deepcorvective activity, suchasover the Congo,westernindian Ocean,
TropicalwestPacific,andAmazon.As suggestedy thezonalmeansn Fig. 8, signif-
icantly greaterice waterloadingis found at high latitudesin the stormtrack regions,
whereice water pathsare frequentlywell in excessof two times the maximumice
waterpathsseenin thetropics.

3. Low FrequencyForced Variability: Uncoupled Con-
figuration

Theseasonatycle andtheequatorialSSTanomaliegssociatewvith El Nifio-Southern
Oscillation(ENSO)aretwo examplesof major modesof low frequeng variability in
the climate system. Theseare essentiallyforced modesof variability in uncoupled
integrationsof the CAM3, andprovide ausefulbasisfor evaluatingthe simulatedocal
andfarfield responseascomparedo whatis obsened.

The CMAP and GPCPanalysef global precipitationprovide an obsenational
opportunityto quantitatvely examinethe CAM3 simulatedprecipitationresponsdo
ENSO.Fig. 17 is aHovmdller plot of precipitationanomaliesasestimatecdhy CMAP
averagedover the deeptropics (averagedbetweenl0°N and 10°S) and the CAM3
simulationof precipitationfor the periodJJanuaryl979throughDecembe2000. The
CMAP productshavstheevolution of strongpositive andnegative precipitatioranoma-
liesin responséo the warmandcold phase®f the obsenedENSOcycle. Generally
the CAM3 doesextremelywell at capturingboth the structureand amplitudeof the
anomalypatternin thecentralandeasterrPacific. The eastvard extensionof thewarm
phaseanomaliesarewell reproducedThe mostseriousweaknesss in the simulation
of the anomalypatternin the westernPacific and Indian Oceanwhich is muchmore
weaklyrepresentethanobsened.
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A secondway of examiningthe responsef the hydrologicalcycle to ENSOis to
explore the spatialpatternof the anomalyresponseassociatedvith the time averaged
precipitationdifferencebetweena specificwarm and cold event. This approachalso
hasthe advantageof amplifying the responseo the ENSO cycle. Fig 18 shows the
monthly averagedprecipitationdifferencebetweenjuly 1994 (warm phase)andJune
1999 (cold phase)as analyzedby GPCPand as simulatedby CAM3. Both panels
shav averylargepositive precipitationanomalystretchingacrosghecentralequatorial
Pacific flanked by negative anomaliego the north, west,andsouth(in the SPCZ).The
CAM3 simulationdoesa very goodjob of representinghe structureandamplitudeof
the positive anomaly The structureand magnitudeof the negative anomalyresponse
is not aswell representedparticularlyin the westernequatorialPacific and eastern
equatorialPacific. The westernPacific anomalyis too strongimmediatelynorth of
the equatorandtoo weakalongthe equator This responsepatternis consistentwvith
thetime-dependentesponsehonn in the Fig. 17 Hovmaoller diagram. Nevertheless,
the CAMS3 simulationdoesa remarkablygoodjob of capturingthe overall patternand
amplitudeof theresponseincludingthefar-field responseseenin the Atlantic andthe
westerrindianOcean An importantexceptionis therainfall anomalyoverthe Amazon
basin,whichis very weaklyrepresented.

Finally, we examinethe ability of the CAM to simulatethe seasonainigration of
watervaporbetweerthe Northernand Southerrhemispheresyhich represents reg-
ular major meridionalredistritution of massin the atmosphereandhasanimpacton
Earth's angularmomentumbudget(e.g., Lejenaset al., 199X). As seenin the zonal
meangf Fig. 5, the CAM3 correctlysimulatesa strongseasonateridionalmigration
of precipitablewater Fig 19 shavs this seasonatedistrilbution of watervaporby sub-
tractingthe JA distribution of precipitablewvaterfrom theDJFdistribution. Despitethe
biasediscussectarlier the seasonatedistribution of watervaporis well represented
in the CAM3. Thestructureof theseasonalesponsés verysimilarto theobsenedcli-
matology evenonrelatively smallscales Therearelarge-scalesystematibiasessuch
astheslightly wealer seasonatyclein the NorthernHemisphereandslightly stronger
seasonatyclein the SoutherrHemispherethatleadto local differencesn amplitude.
But theoverall propertieof this modeof variability arewell representeth the CAM3
simulation. Theseresultsdemonstratéhe ability of the CAM3's hydrologicalcycle to
respondo lowerfrequeng externallyimposedforcing.

4. Mean-StateSimulation Properties: Coupled Configu-
ration

In this sectionwe provide an overviewn of the hydrological cycle as representedn
CCSM3coupledsimulationgCollins etal. 2004a) which employ the CAM3 asthe at-
mosphericomponentThe simulationwe will discusanakesuseof the CAM3 model,
discussedh theearliersectionsaandby Collinsetal. (2004c).We will examinetheprin-
cipal differencesn the hydrologicalcycle assimulatedby the atmospherealongwith
majorfeatureof thehydrologicalcycle asseerfrom theperspectie of theland,ocean,
andseaice componeninodels.This discussiorwill employ a standardCCSMcontrol
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simulationin which the atmosphereand land modelsare representean a T85L26
transformgrid, andthe oceanandsea-icemodelsmake useof a nominal1°horizontal
discretization. The T85x1 configurationof the coupledmodelis whathasbeenusedto
documenthe CCSM3 simulationsfor internationalclimate-changeassessmentsee
Collinsetal. (2004a)).

a. Atmosphere:

In anoverall sensethe CCSM3atmospheriglobalwaterandenegy cycle budgetre-
mainsremarkablysimilar to the uncoupledCAM3 simulation. The top of atmosphere
enegy budgetremainswithin 0.2 Wm~2, while theindividual component®f the sur
faceenegy balancaemainwell within 1 Wm~2 in theglobalannuaimean.Thegloball
cycling of waterin the simulatedatmospherés nearlyidenticalto the characterization
shavn in Fig. 1 for the uncoupledmodel. The magnitudeof the global hydrological
cycle is reducedby approximatelyl%, primarily dueto a reductionin the magnitude
of the water exchangeover land and seaice, but with comparabldevels of runoff.
Global annualstorageof watervaporandcondensatén the atmospheralsoremains
well within 1% of the uncoupledcontrol simulation. Seasonallythesedifferencedn
measuresf theglobalwatercycle vary only slightly morethanin theirannualmeans.

Although mostglobal annualmetricsare virtually identical, the detailedregional
behavior of the simulatedhydrologicalcycle in coupledmodeincludessomenotable
differencesTheseanomaliesanbeseenn thezonalmeanquantitiesrelatedto theex-
changeandstorageof waterin theatmospheréFigs. 2, 3, 4, and5). Thereis aremark-
ableshift in the surfaceexchangeof waterfrom the Northernto SoutherrHemisphere
tropics. NorthernHemispherdropical precipitationratesarereducedoy 1 mm/dayin
thezonalannualmean,andareenhancedyy morethantwice this ratenear10°S. This
meridionalshift produces significantandunrealisticchangeto the freshwaterbudget
over the tropical oceansmostnotablyduring the Borealwinter (seeSectiondb). Al-
thoughthe precipitationanomalyappearsn both the Atlantic and Pacific basins,the
zonalmeananomalyis dominatedby change®ver the Pacific. This takesthe form of
anunrealisticenhancemeraf a southernandmorevigorousbranchof ITCZ corvec-
tion extendingacrosghe basinfrom thewarm pool to the Equadorcoast(seeFig. 20).
Thechangeo theprecipitiondistributionis symptomatiof theso-calleddouble-ITZC
problemthat plaguesmary coupledmodels(ref). Despitethe overestimategrecipi-
tationratesin the southerrtropical Pacific andsoutheasterrtropical Atlantic, several
otherfeaturesn theprecipitationdistribution aresignificantlyimproved. Thesenclude
precipitationover CentralAmericaandthe Caribbeanalongthe westernmid-latitude
boundarycurrents,over the Arabian Peninsulaand over the Northernindian Ocean.
Precipitationreductionsin the north centralsubtropicalPacific alsorepresentmodest
improvementsvhencomparedo the uncoupledsimulation.

Changesn the precipitationdistribution areassociateavith a similar shiftsin the
storageof waterin the atmosphere.Precipitablewater movesfrom the Northernto
SouthernHemisphereshaving a double-pea&d tropical distribution, which is domi-
natedby anomalieghatmaximizein DJF. Large positive anomaliessxceedinglO mm
appeain thesouthcentraltropical Pacificandsoutheasterriropical Atlantic. Negative
anomalieof similar magnitudearelocatedover muchof the tropical andsubtropical
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NorthernHemispherevith maximacenteredover the Arabian Peninsulaand Central
America. Generallyspeaking,changedo the precipitablewaterfield representddi-
tional degradationf the simulationwhencomparedo obsenationalestimates.The
cloud condensatealistribution reflectsthe changego the distribution of precipitation
andprecipitablevater Cloudwaterandcloudicefollow the convective sourceregions,
which have migratedto the southermoceansThesechangego the horizontaldistribu-
tion of waterstronglyimpactthe enegy budgetat both the top of the atmospherand
surface.Largelocalanomaliesareseenin bothclearsky andall-sky radiative fluxesat
the surfaceandatthetop of atmospheregxceedingd0 Wm~2 for all-sky fluxes. Since
precipitationandradiative processeareintegrally involvedin driving thetropical cir-
culation, significantchangego the low level wind field are also seenin the central
Pacificandeastermtlantic. Thesechangegive riseto ameridionallycomplex differ-
encein surfacelatentandsensibleheattransfers further affecting the freshwaterand
heatbudgetsoverthe oceans.

An exampleof tropical variability of precipitationis shavn in theright Hovmoller
panelin Fig. 17. This shavs muchwealer tropical variability thanin the uncoupled
model. Theresponsés relatedto the strengthof CCSMsimulatedENSOevents(asop-
posedo specifiedENSOeventsin the uncoupledsimulation),coupledwith thealtered
dynamicalstructureof the deeptropicsanda tendeng for mostof the precipitationto
occuraway the equator

b. Ocean:

Oceantransportof freshwaterpreventsthe developmentof significantlocal trendsin

oceansalinity where meannet freshwater flux is strongly positive or negative. Net
freshwater flux is mainly a function of precipitationand evaporationwhich have a
geographidistribution determinedy large-scaleatmosphericirculations.Thefresh-
waterforcing of the oceanis thus predominatelya function of latitude. The oceans
principle role in the hydrologicalcycle of the climate systemis to transportthe net
positive freshwaterflux resultingfrom precipitationin the tropicsand high latitudes
towardsthe midlatitudeevaporatiorzones.The ocearalsomaovesfreshwaterpoleward
fromice meltingregionsto ice forming regionswheremeametfreshwaterflux is nega-
tive. Lastly, the oceammustredistributethelarge, highly-localizedinflux of freshwater
arisingfrom river runoff.

Net freshwaterflux into the oceanasa function of latitudeis shovn in Figure 21,
which compareghefully-coupledCCSM3control (T85x1)to anocean-aloné&indcast
(DEFINE) solution(x1ocn)aswell asto anestimateof actualfreshwaterflux (obs)de-
rivedfrom obsenedatmospheri@andoceandatasetaisdescribedn LargeandYeager
(2004). Thexlocnandobscurvestrack eachotherclosely sincethe major difference
betweerthetwo is thatthe formercouplesobsenedatmospheristatefieldsto a fully
evolving oceanmodelwhereaghe latter couplesthe samefields to an obsened SST
datasetRiver runoff fluxesfrom both computationsreidenticalandarebasedon the
climatologicalgaugeestimateschemeutlinedin LargeandYeagei(2004).1n addition
to differencedn SST, thesecurvesdeviate at high latitudesbecausehe oceanmodel
incorporatesce formationandice melt flux algorithmsfor which thereareno corre-
spondingobsenationaldatasets Thus, at extremepolar latitudes,x1ocnshows large
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negative freshwater fluxes whereice formation resultsin brine rejection, and more
positive freshwaterinput thanobsnearice edgelatitudes( 65°S, 70°N) wheremelt-
ing takes place. Thesecurvesprovide somemeasureof real freshwaterfluxes, with
andwithout polarprocessesicluded,which canbe contrastedvith the coupledmodel
solution.

Asin theuncoupledcean,T85x1freshwaterflux is negative athigh polarlatitudes,
andshows a jump to positive nearthe ice edgeto valueswhich exceedthe obsened
flux estimate. Comparedo both obsenationally-basedenchmarksthereis exces-
sive coupledfreshwaterflux to the oceanbetweerr 45° — 65° andlessflux between
~ 20° — 45°, in both hemispheresThe SouthernrHemispherexcess(A) resultspri-
marily from excessve precipitationtogethemwith amoreequatorvardpeakin ice melt
flux, which relatesto overly extensve ice coveragein the Atlantic and Indian ocean
sectorsof the SouthernOcean(Holland et al). The midlatitudefreshwaterflux deficit
in the South(B) arisesfrom a lack of precipitationin comparisorto obsenationales-
timates,aswell asameanincreasen evaporatve flux overthesdatitudes.The North-
ernHemispherextratropicsarealsocharacterizethy excessve precipitationandmore
equatorvardice melt, but muchof the excessfreshwaterflux in the vicinity of 60°N
(C) is dueto muchhigherriverrunoff fluxesnearthesdatitudes.As in the South,there
is lesscoupledprecipitationandmoreevaporatiorbetweerr: 20° N — 45°N, resulting
in afreshwaterflux deficit (D).

The freshwaterflux to the coupledoceanis mostunrealisticin the tropics,where
thedoublelTCZ createsaspuriouspeakin zonalmeanprecipitationat~ 10°S. A peak
in T85x1 freshwaterflux at the Equator(E) is relatedto colder SSTswhich generate
lessevaporationin the Pacific alongwith excessve precipitationin the westernequa-
torial Pacific and Indian Ocean. The positive flux biasbetweenl0°S and Equatorin
Fig. 1 is exacerbatedy muchhigherrunoff from the Congothanis obsened(Oleson
reference?/Sectiofic). The northernITCZ is weakly simulatedin the coupledmodel
andthis lack of precipitationtogethemwith low river runoff flux comparedo the ob-
senedestimatedbetweerr: 0° — 30°N leadsto theslight freshwaterflux deficitin the
northerntropics(F). River runoff anomaliesarerelatedto precipitationanomalieover
continentsasdiscussedn section4c.

The biasesn T85x1 zonalmeansurfacefreshwaterflux give rise to biasesin the
meanmeridionaltransportof freshwater by the ocean. In Figure 22, the northward
freshwatertransportof the coupledanduncoupledbceanmodels,computedrom Eu-
lerian meanadwection,arecompared. Eddy transportsaremissingfrom thesecurves.
Both modelsshav polewvard freshwater transportat high latitudesassociatedvith
ice growth/melt processesWhile x1ocnshaws significantfreshwatertransportsouth
acrossthe Equator(about1/3 of which occursin the Atlantic basin),the zonalmean
freshwatertransporacrosgshe Equatorin T85x1is verynearzero.In coupledCCSM3,
the negative freshwaterflux zonesat southermmidlatitudes(=~ 10° — 40°S) arefresh-
enedvia oceantransportfrom southernhigh latitudesas well asfrom the southern
tropics, wherefreshwaterinput is higherthanreality. Sincetropical precipitationin
natureis asymmetri@boutthe equatorthe xlocnmusttransportreshwatersouthvard
acrosgheequatorin eachocearbasinin orderto compensat¢he southerrmidlatitude
evaporationzones. The coupledCCSM3 oceantransportsaboutas much freshwater
northwardacrosghe equatorin the Atlantic asxlocntransportsouthvard acrosshe
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equatoyandthereis muchlesstransporiof freshwatersouthwardacrosshe equatotin
the Pacific.

Therewould appearto be an overly robust hydrologicalcycle in T85x1in which
excessve midlatitudeevaporationin the SouthernHemispherds relatedto excessive
precipitationin thesoutherrtropicsaswell asin the SoutherrOcean.Theocearis thus
forcedto transportmorefreshwaterpolewardfrom the tropicsthanin reality, muchof
it northward. Excessie high northernlatituderiver runoff (cross-checkvith Oleson!)
resultsin too muchfreshwatertransportsouthwardto the extratropics. The causeof
the biasedfreshwater cycle are difficult to pinpoint, but are probablyrelatedto the
lack of adampingmechanisnwhich would inhibit air-seafreshwaterexchangean way
comparableo heatexchangewhenthe oceanbecomedoo freshor salty Subtropical
SSSand SSTin the southare fresherand warmerthan obsened (ref bias paper?).
This suggestghat the excesstropical precipitationtransportedo the subtropicsby
the oceanrendersthe midlatitude upperoceantoo fresh and stable,thus inhibiting
the deepmixing which would lower the SST. Anomalouslyhigh SSTsresultsin the
excessevaporationwhich, after atmospheridransportback to the tropics, recursas
excessprecipitation. Processstudiesindicatethat, at leastin the Atlantic, correcting
theeasterrocearSSThiasgreatlyreducegxcesgropicalprecipitation(ref biaspaper).

c. Land:

The hydrologicalbudgetover landin CCSM represents balancebetweenprecipita-
tion, evapotranspiratiormunoff, andthe changen storagen soilsor snov. As seenin

Table3, thereis no appreciablehangen storageduringthetime periodanalyzechere.
Both annualmeanprecipitationandrunoff comparefavorably with obsenations,with

precipitationbeingabout3% high andrunoff about4% low if glaciersareincludedin

the modelestimate andaboutright with glaciersexcluded.We notethatobsenations
of runoff do not include most of Greenlandand all of Antarctica. Purely obsena-
tional estimate®f globalevapotranspiratioarenot available;however, from avariety
of sourcesBrutsaert(1984) estimatesvapotranspiratioras 60-65%of precipitation.
CCSMevapotranspiratiotis 63% of precipitation.

Evaporationfrom the groundis the largestcomponenbf evapotranspiratio59%)
followedby canoy evaporation(28%)andtranspiration(13%). Otherestimate®f the
partitioningof globalevapotranspiratiosuggesthattranspiratiorshouldbethe domi-
nantcomponenfollowedby groundevaporatiorandcanopy evaporation.n particulay
Choudhuryetal. (1998),usinga process-basebiophysicalmodelof evaporationval-
idatedagainstfield obsenations,found that the partitioningwas52% (transpiration),
28% (groundevaporation),and20% (canopy evaporation).Furthermoresincephoto-
synthesidgs coupledto transpirationthroughstomatalconductancethe underestimate
of transpirationhasimplicationsfor carbonassimilationin the model. Global photo-
synthesigs about57 PgC, whichappearso beabout50%Ilow (Table3). Thedominant
form of runoff in CCSMis surfacerunoff (52% of total runoff), followedby drainage
from the soil column(41%),andrunoff from glaciers lakes,andwetlands(7%). This
latter runoff term is calculatedfrom the residualof the water balancefor thesesur
faces. This term may also be non-zerofor other surfacesas well becausehe snav
packis limited to amaximumsnow waterequivalentof 1000kg m—2.
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Table3: Annualaveragef globalland precipitation( ), evapotranspiratiofF), and
runoff (R) (mm day-1). The componentof E aretranspiration(Er), evaporation
of canojy interceptedvater (£,), andgroundevaporation(E,). The component®f

runoff aresurfacerunoff (Rg), drainagefrom the soil column(Rp), andrunoff from

glaciers,wetlandsandlakesandsnav-cappedsurfaces(Rewr) (mm day-1). Photo-
synthesigPS ) hasunitsof PgC. Obsenationsfor P arefrom Willmott andMatsuura
(2000), R from Feketeetal. (2000,2002),and PS from Schlesinge(1997).'Glaciers
in Greenlandand Antarcticaareincludedin the modelrunoff. The obsenationshave

no dataover theseregions.2ExcludingGreenlandand Antarcticain themodel.

P E Er E. E, R' Rs Rp Rewsr R®Z PS

CcCsM3 212 1.33 0.18 0.37 0.78 0.79 0.41 0.32 0.06 0.82 57.2

Obsered 206 — — — — 082 — — —- 0.82 120

Zonal annualaveragevaluesof the hydrologiccycle areshawvn in Figure23. The
CCSMsimulationoverestimategrecipitationnorthof 45°N, generallyunderestimates
it in thenortherntropics,andoverestimateg in southerrSouthAmerica. Thelatitudi-
nal distribution of evaporationgenerallyfollows thatof precipitationwith a maximum
in the tropics. Generally the runoff biasescoincidewith thoseof precipitationsug-
gestingthatimprovementsn the simulatedprecipitationmay leadto improvementsn
therunoff. At high latitudes,the primary active hydrologicalcomponents runoff. At
otherlatitudes,groundevaporationgenerallydominates An exceptionto thisis in the
tropics(10S-10N)wherecanopy evaporationis equallyimportant. Transpiratioris the
smallestomponenbdf evaporatioratall latitudes,evenin thetropicswherevegetation
is densest.

Total runoff from thelandmodelis routedto theocearusingarivertransporimodel
(reference?)Thus,biasedn runoff have the potentialto affect seasurfacesalinity and
regional oceancirculation. The annualdischage into the global oceanis shavn in
Figure 24. Total dischageis 1.33 Sv. Dischage excluding Antarcticais about1.25
Sy, whichis about6% higherthanthe estimateof Dai andTrenberth(2002). Theriver
transportschemedoesnot accountfor loss of waterdueto humanwithdrawal or im-
poundmenbf water, seepagénto groundvater, or evaporationfrom theriver channel.
In particular consumptiorof waterfor irrigation mayaccounfor someof thediscrep-
ang. Doll andSiebert(2002)estimatenetandgrossglobalirrigation requirementss
0.035Sv and0.078Sv, respectiely. The lossof freshwaterfrom Antarcticais esti-
matedto be 0.07 Sv by Vaughnet al. (1999),which is the sameasthatfrom CCSM.
However, this comparisons fortuitousbecausdéhe majority of Antarctic runoff from
CCSM comesfrom the cappingof snav over glaciers. More detailedglaciermodels
needto be incorporatednto CCSM to properly describeglacial processe#ncluding
icebeg calvingandbasalmelting.

Clearly, therearenotabledeficienciesn the modeleddischageat certainlatitudes
thatarisefrom the land runoff fields. In particular dischage from the Amazonand
the Congois 42% low and 109% high, respectiely. The deficienciesn partitioning
of evapotranspiratiomdescribedpreviously are evidentin the hydrologicalbudgetof
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the AmazonBasin(not shavn). The partitioning of annualevapotranspiratioiin the
modelis 49%canojy evaporation 30%groundevaporationand21%transpiration As

discussedn Dickinsonetal. (thisissue)too muchwateris interceptedvy the canopy

and re-evaporatedn the wet seasonthusresultingin limited water availability for

plantrootsparticularlyin the dry seasonPhotosynthesiexhibits a significantdecline
in the dry seasonwhich affectsthe ability of the dynamicglobal vegetationmodelto

correctlysimulatethe compositionof vegetationin thisregion (Levis etal., thisissue).
Theyearroundwarmbiasin this regionthatis pronouncedn thedry seasoris further
confirmationthatthe simulationis deficient.

While improvementsin the precipitationfield suppliedby the atmospherenodel
would likely improve the land hydrologicsimulationin the AmazonBasinandglob-
ally, thereareclearly aspectof the land hydrologythatrequireattention.Currentre-
searchis focusedonimproving the sunlit/shadedreatmenof photosynthesistomatal
conductanceandtranspirationandthe parameterizatioof canoyy interception.

d. Sealce:

As ice grows from seawater; it rejectssaltbackto the oceanresultingin arelatively
freshice coverwith approximatelypptsalinity. If ice dynamicsis excludedandequi-
librium climateconditionsareconsideredthelocalice growth is balancedy localice
melt andthe net long-termmeanseaice freshwater flux to the oceanis zero. Even
underthermodynami®nly conditionshowever, the considerableseasonatycle of the
ice/ocearfreshwaterflux canmodify the oceanbuoyang forcing andinfluenceocean
mixing. Whenseaice dynamicsare consideredthe transportof relatively freshsea
ice redistributeswaterin the system,influencingthe global hydrologicalcycle. This
hasthe potentialto modify the large scaleoceancirculationin boththe southern(e.g.
GoossandFichefet,1999)andthe northern(e.g. Hollandetal., 2001)hemispheres.

In thesoutherrhemispher¢hereis netseaice growth alongthe Antarcticcontinent
which is thentransportedequatorverd. Figure 25 shavs the annualmeanmeridional
icetransporsimulatedby the CCSM3controlintegration. As theseaice hasonly 4ppt
salinity, this ice volumetransportis nearly equivalentto a freshwatertransport. The
transportreaches maximumof approximately0.25Sv at 65S.Estimateslerivedfrom
satelliteice motion obsenationsand sparseice thicknessobsenations(Weatherlyet
al., 1997)suggest maximumvaluebetweer0.05and0.1 Sv. Comparedo theseesti-
matesthe CCSM3hasexcessve meridionalice transportin the southerrhemisphere.
The CCSM3 simulatedsouthernhemispherdce motion compareguite well to ob-
sened estimategnot showvn). However, theice thicknesds excessve, particularlyin
the WeddellSea(Holland et al, this issue),resultingin the high meridionaltransport.
This excessie ice transportand melting along the ice edge,modifiesthe oceansea
surfacesalinity conditions,resultingin afreshbiasalongthe Antarctic seaice edgein
thesouth-westeritlantic.

In CCSM3, the long-termaveragefreshwater storagein Antarctic seaice equals
15,630km?. This correspond$o anannualaverageareaof 12 million km? with anav-
eragethicknessof approximatelyl.4 m anda salinity of 4ppt. As discussedn Holland
etal (thisissue) the simulatedareaof Antarctic seaice is large comparedo obsena-
tions,which have anannualaverageof approximately??.
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In theNorthernHemispherethereis netseaice growth in theArctic basin resulting
in a netlossof waterfrom the Arctic ocean. The Arctic ice is transportecby winds
and oceancurrentsand entersthe north Atlantic throughFram Strait. This provides
an importantsourceof freshwaterto the Greenland-Iceland-Norvgganseasand has
the potentialto influenceoceanicdeepwater formationin this region (e.g. Holland
et al., 2001). The annualmeanflux of seaice throughFram Straitin the CCSM3
T85-gx1controlintegrationis 0.08 Sv. This agreeswvell with the obsened estimateof
0.09Sv given by Vinje (2001). The flux hasa considerableannualcycle (Figure 26)
reachinga maximumvalueof almost0.12 Sv in late winter whenthe ice thicknesss
ata maximumandthewindsareat their strongestAs theice volumeflux dependon
both the thicknessandvelocity of the seaice, the goodagreementvith obsenations
suggestghat both of thesepropertiesare reasonablysimulated. This doesappearto
be the case,asdiscussedurtherin Holland et al (this issue)and DeWeaver and Bitz
(thisissue).Onthelong-termaveragethe northernhemispher€€CSM3seaice covers
10 million km? with a meanthicknessof approximately?2 m. Accountingfor theice
salinity, this represents freshwaterstorageof 18,450kms3.

5. Summary

We have presentedelectedeatureof the simulatedhydrologicalcycle for the CCSM
CAM3 for bothcoupledanduncoupledapplicationsof themodel. The CAM3 exhibits
a wealer hydrologicalcycle whencomparedwith predecessomodels,and closerin
magnitudeto obsenational estimates. The relative distribution of surfacewater ex-
changeandatmospheriavaterstorageby surfacetypeis in goodagreementvith obser
vationalestimates.The detaileddistribution of waterin the simulatedclimate system
revealsreal systematicerrorswhen comparedo obsenations,wheremary of these
biasesarelongstandingimulationchallengesThelongitudinaldistribution of precip-
itablewater, andits verticaldistribution, remainthe mostsignificantexamplesof these
deficiencies. The tendeng to form double-ITCZstructuresin the deeptropics, and
to inadequatelysimulatethe seasonatneridionalmigrationof tropical precipitationis
alsoa continuingproblem.

THERE ARE ALOT OF GOOD THINGS THAT SHOULD BE EMPHASIZED,
AND DISCUSSED.MORE IS COMING, BUT IT WILL NEED TO WAIT TILL
LATER.
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