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Abstract5

The seasonalandannualclimatologicalbehavior of selectedcompo-6

nentsof thehydrologicalcyclearepresentedfrom coupledanduncoupled7

configurationsof theatmosphericcomponentof theCommunityClimate8

SystemModel (CCSM), the CommunityAtmosphereModel Version39

(CAM3). The formulationsof processesthat play a role in the hydro-10

logical cycle aresignificantlymorecomplex whencomparedwith earlier11

versionsof theatmosphericmodel.Major featuresof thesimulatedhydro-12

logical cycle will be comparedagainstavailableobservationaldata,and13

thestrengthsandweaknesseswill bediscussedin thecontext of thefully-14

coupledmodelsimulation.15

1. Intr oduction16

The accuratetreatmentof Earth’s hydrologicalcycle, the circulationof water in the17

climatesystem,is centralto scientificexplorationsof climatedynamicsandclimate18

change.Hydrologicalprocessesarean integral part of the generalcirculationin that19

they play a majorrole in theenergy budgetof theplanet,anddo soin a very complex20

way on a wide rangeof spaceandtime scales.Watercanbefoundin all threephases21

in theclimatesystem,andis astronglyradiatively-activeatmosphericconstituentin all22

forms. The liquid andfrozenphasesaremostfamiliar in the form of clouds. Clouds23

play a dominantrole in regulatingtheenergy budgetof theplanet,andtheir behavior24

remainsa major sourceof uncertaintyin our ability to project the effectsof climate25

change((e.g.,StephensandWebster, 1981;Cesset al., 1990;Stephensand??,IPCC26

TAR). They cool Earthby reflectingsolarradiationbackto space,while at the same27

time warmingtheplanetby absorbingthermalradiationemittedfrom thesurfaceand28

�
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lower regionsof the atmosphere.The processesresponsiblefor phasetransitionsof29

wateralsocontributeto thediabaticforcing of Earth’s dynamicalcirculations,andare30

key to the overall energy budget. This is particularly true for the thermally driven31

circulationsin thetropicsandsubtropics(Chahine,1992).32

The hydrologicalcycle beginswith the evaporationor sublimationof waterfrom33

Earth’s surfacewhereit is transportedby the ambientmotion field. Whenthe air is34

lifted, it coolsandallowswaterin thevaporphaseto condensein clouds.whereit can35

exist in boththeliquid or frozenphase.Microphysicalprocessesdeterminewhetherthe36

cloudcondensateis re-evaporated,changesphase,or grows particleslargeenoughin37

sizeto precipitatebackto thesurface.Oncetheprecipitationreachesthesurfaceit can38

bere-evaporated,canproducerunoff thatfindsits wayinto lakes,rivers,andoceans,or39

caninfiltrate thesurfaceandbestoredin thewatertable.All of theseprocessesoperate40

on an all-inclusive rangeof time andspacescales,andarevery difficult to quantify41

observationally. Themostreliableobservationalguidanceon thecharacteristicsof the42

hydrologicalcycleis onrelatively longtimescalesandrelatively largespacescales.As43

such,currentobservationaldataprovide relatively weakcontraintson theformulation44

of hydrologicalprocessesin globalmodels.A majorchallengeto thedesignof global45

climatemodelsis to realisticallyincorporatephysicalprocessesthatoperateon scales46

of motiondistinctly separatefrom thoseof the larger-scaleresolvablecirculation,but47

stronglyinfluencethebehavior of theatmosphereon all timeandspacescales.48

Version3 of theCommunityAtmosphereModel (CAM3) is thelatestin a succes-49

sion of generalcirculationmodelsthat have beenmadewidely available to the sci-50

entific community, originating with the NCAR CommunityClimate Model (CCM).51

This model is the atmosphericcomponentof the CommunityClimateSystemModel52

(CCSM),afully-coupledmodelingframework thatcanbeusedfor abroadclassof sci-53

entificproblems.TheCCSM3representsthelatestgenerationof this modelingframe-54

work, andis discussedin moredetailby (Collins et al. 2004a).CAM3 incorporatesa55

significantnumberof changesto thedynamicalformulation,thetreatmentof cloudand56

precipitationprocesses,radiationprocesses,andatmosphericaerosols,andis discussed57

morefully in (Collins et al. 2004c).Therepresentationof cloudandprecipitationpro-58

cesseshasbeensignificantly revised, including separatetreatmentsof liquid andice59

condensate,large-scaleadvection,detrainment,andsedimentationof cloud conden-60

sate;andseparatetreatmentsof frozenandliquid precipitation(Boville et al. 2004).61

The parameterizationof radiative transferhasbeenupdatedto includea generalized62

treatmentof cloudoverlap(Collins et al. 2001)andnew treatmentsof longwave and63

shortwave interactionswith watervapor(Collins et al. 2002a,2004b). Finally, a pre-64

scribedclimatologicaldistribution of sulfate,soil dust,carbonaceousspecies,andsea65

salt basedupona three-dimensionalassimilation(Collins 2001;Raschet al. 2001)is66

usedto calculatethedirecteffectsof troposphericaerosolsontheheatingrates(Collins67

etal. 2002b).This latterchangeis noteworthyin thecontext of whatfollowsgiventhat68

the radiative effectsof atmosphericaerosolhasbeenshown to strongly influencethe69

behavior of hydrologicalprocesses(Hansen,??;Ramanathanand??).70

TheCAM3 hasbeendesignedto provide simulationswith comparablelarge-scale71

fidelity over a rangeof horizontalresolutionsfor severaldifferentdynamicalapproxi-72

mations.Thisprincipallyrequiresmodificationsto adjustableparametersin theparam-73

eterizedphysicspackageassociatedwith cloudsandprecipitation.Consequently, the74
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detailedhydrologicalprocessbehavior hassomedependenceon horizontalresolution75

andtheformulationof thedynamicalcore.Theseissues,alongwith thesensitivity of76

thesimulatedclimateto modelresolutionis discussedin moredetail in Hack (2004),77

Yeageret al. (2004),andDeWeaver andBitz (2004). The standardconfigurationof78

the CAM3 is basedon an Eulerianspectraldynamicalcore, wherethe vertical dis-79

cretizationmakesuseof 26 levels (L26) treatedusingsecond-orderfinite differences80

(Williamson 1988). The vertical domainis essentiallythe sameas in earlier mod-81

els, but employs 8 additional levels which were includedto betterrefine the upper82

troposphereandlowerstratosphere.Thediscussionthatfollowswill focusonthestan-83

dardCAM3 configurationthat usesa 26-level 85-wave triangularspectraltruncation84

(T85L26).This truncationtranslatesto a 1.4
�
transformgrid ( � 150km neartheequa-85

tor) on which non-linearandparameterizedphysicstermsareevaluated.This reflects86

a four-fold increasein the numberof horizontaldegreesof freedomwhencompared87

to earliermodels(Hack et al. (1994),Kiehl et al. (1998),Kiehl andGent,2003). A88

20-year5-memberensemble,usingobserved seasurfacetemperaturesandobserved89

seaice, is usedto characterizethemeanfeaturesof thesimulatedhydrologicalcycle in90

theuncoupledconfiguration.Thesesimulationcharacteristicsarethencontrastedwith91

simulationpropertiesobtainedfrom thefully-coupledCCSM3(Collinset al. 2004a).92

Thereare a large numberof observationaldatasetsrelatedto Earth’s hydrologi-93

cal cycle. The datasetswe will useinclude the 40-yearreanalysisdataset(ERA40)94

from the EuropeanCenterfor Medium RangeWeatherForecasting(ECMWF). The95

archive consistsof monthlymeandataon 23 pressurelevels in the verticalat 2.5 de-96

greeresolution. The dataare regriddedto T42 spectralresolutionfor our analysis.97

The Nimbus-7Cloud Matrix total cloud dataarederived from the TemperatureHu-98

midity InfraredRadiometer(THIR) andTotal OzoneMappingSpectrometer(TOMS)99

measurementsfor theperiodApril 1979-Mar1985.Retrieval algorithmsaredescribed100

in detail in Stowe et al. (1988,1989). The Global PrecipitationClimatologyProject101

(GPCP)Version-2Monthly PreciptationAnalysisis aglobalprecipitationdataseton a102

2.5degreegrid extendingfrom 1979-2003.It is amergeddatasetconsistingof satellite103

microwave andinfrareddataandsurfacerain guagedata.TheCPCMergedAnalysis104

of Precipitation(CMAP) is aglobalmonthlyprecipitationdatasetona2.5degreegrid,105

coveringthe period1979-1998.The NationalAeronauticsandSpaceAdministration106

WaterVaporProjectglobal watervapordataset(NVAP) is a watervaporand liquid107

waterpatharchive at 1 degreeresolutionthat extendsfrom 1988-1999.The blended108

analysisincludessatelliteretrievals of watervapor from the Television and Infrared109

OperationalSatellite(TIROS)OperationalVerticalSounder(TOVS), theSpecialSen-110

sor Microwave/Imager(SSMI), aswell asradiosondemeasurements.THIS NEEDS111

MUCH MORE WORK AND THE ADDITION OF ISCCP, SSMI RETRIEVALS OF112

WENTZ, AND THE NEW MODIS DATASET(S).113
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2. Mean-StateSimulation Properties: Uncoupled Con-114

figuration115

a. Global Mean Properties:116

We begin our discussionof thesimulatedhydrologicalcycle by examiningtheglobal117

annualbudgetof waterin the CAM3 usinga a 22-year5-memberensemblethatwas118

drivenby observedseasurfacetemperaturesandobservedseaice for theperiod1979119

through2000.Thelandsurfacein thesesimulationsis fully interactive. Thesimulated120

global annualprecipitationrateof 2.86mm/dayis approximately7% larger thanthe121

CMAP satelliteestimate(ref). We alsonote that the magnitudeof the hydrological122

cycle,asdefinedby theglobalannualprecipitationrate,is a bit morethan8% weaker123

thanin thepreviouslydocumentedatmosphericmodelin thisseries(Hacketal. 1998).124

The reductionin the hydrologicalcycle is largely attributableto significantchanges125

in thesurfaceenergy budgetassociatedwith theintroductionof specifiedatmospheric126

aerosols,andwill bediscussedelsewherein thisspecialissue.Fig. 1 shows thebreak-127

down of the precipitationandevaporationexchangesof water in absolutetermsbe-128

tweentheatmosphereandland,ocean,andseaicesurfaces,alongwith runoff from the129

landandice to theoceans.Therelativedistributionof surfaceexchangeis remarkably130

similar to renormalizedobservationalestimates(e.g.,PeixotoandKettani,1973).The131

observationalestimatesof precipitation,evaporation,andrunoff, arenormalizedby the132

CAM3 simulatedvalueof globalprecipitation,andshow thatall termsin thesurface133

exchangesgenerallyagreeto within a few percentof therelativepartitioningcontained134

in theobservationalestimate.135

Figure1 alsoshows the time averagedstorageof water in the atmospherein all136

threephasesassimulatedby theCAM3, alongwith estimatesof watervapor(i.e.,pre-137

cipitablewater)andcloudliquid waterretrievedfrom MODIS. We haveusedMODIS138

estimatessincethisretrievalprovidesthemostcomprehensiveglobalcoverageof cloud139

liquid water, but notnecessarilythemostdefinitiveretrievalsof precipitableandcloud140

liquid water. The total reservoir of waterin its frozen,liquid, andvaporstateis bro-141

kendown by its distributionoverland,oceanandice. Fromthisperspective,theCAM3142

doesareasonablejob of simulatingthedistributionof waterwith regardto surfacetype.143

Sincethesenumbersarestronglyweightedby the fractionalareasof ocean,landand144

seaice, it’s no surprisethatthelargestfractionfor eachphaseresidesover theoceans,145

Thetablein Fig. 1 suggeststhattheCAM3 generallyoverestimatesprecipitablewater146

in the atmosphere,overestimatescloud liquid water over the oceans,andunderesti-147

matescloudliquid waterover landandseaice. Anotherway to look at thedistribution148

of water, and its exchangewith the surface,is to quantify the averagepropertiesfor149

eachof thethreeunderlyingsurfaces,asshown in Tables1 and2.150

Table1 shows precipitationandevaporationdatafor theCAM3, evaporationdata151

for theERA40reanalysis,andprecipitationdatafrom theCMAP climatology. Wehave152

not includedERA40precipitationestimatesbecauseof known spin-upproblemsin the153

analysisof precipitation(SakariUppala,personalcommunication).The evaporation154

sideof the waterbudget,however, doesnot suffer asmuch from hydrologicalspin-155

up problems,andcompareswell with the da Silva et al. (1994)climatology(Anton156

Beljaars,personalcommunication).CMAP providesonly onesideof thewaterbudget,157
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Table 1: Annual AveragePrecipitationand EvaporationRates by Surface Type
(mm/day)

Ocean Land SeaIce Global
P E P E P E P E

CAM3 3.22 3.61 2.26 1.48 1.37 0.43 2.87 2.87
CMAP 3.11 —- 1.93 —- 1.10 —- 2.68 —-
ERA40 —- 3.58 —- 1.49 —- 0.41 —- 2.84

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

Ocean Land SeaIce
Vapor Liq. Ice Vapor Liq. Ice Vapor Liq. Ice

CAM3 27.92 .1270 .0191 18.29 .1055 .0199 6.40 .1530 .0334
MODIS 26.59 .0982 —– 15.64 .1311 —– 4.45 .2017 —–
NVAP 25.65 .1127 —– 20.15 —– —– 5.96 —– —–
ERA40 28.27 .1170 .0358 19.77 .0718 .0339 5.84 .0274 .0470

but providesa usefulquasi-independentmeasureof themagnitudeof thehydrological158

cycle, andthe distribution of precipitationacrosssurfacetypes. To someextent, the159

disagreementsin theseestimateshelp illustratecontinuinguncertaintyin quantifying160

the magnitudeof Earth’s hydrologicalcycle, even on long time scales. We seethat161

the magnitudeof the CAM3 hydrologicalcycle is approximately7% larger thanthe162

CMAP estimateusingglobal annualprecipitationasour measure,but bearsa much163

closerrelationshipto thereanalysisif weuseglobalannualevaporationasthemeasure.164

With regardto precipitation,in a relativesenseprecipitationratesaregreaterover land165

andseaice in the CAM3 whencomparedto oceanicratesusingCMAP estimatesas166

thereferenceobservation.167

The componentsof waterstoragein the atmospherearegenerallydifficult quan-168

tities to observe on global scales.Much of this datacomesfrom satelliteretrievals,169

oftenblendedwith in-situand/oranalysisdata,andis mostoftenlimited to verticalin-170

tegralsof precipitablewaterandcloudwater. Table2 shows thesimulatedprecipitable171

water, cloud liquid water, andcloud ice waterby surfacetype for the CAM3, along172

with comparableavailableobservationalestimatesfrom NVAP, MODIS, andERA40.173

Onecanseethat thereareconsiderabledifferencesbetweenthevariousobservational174

estimates,andareof comparablemagnitudeto differenceswith the CAM3. Gener-175

ally speaking,the CAM3 appearsto agreereasonablywell with NVAP andERA40176

estimatesof precipitablewater, which areslightly higherthanthe MODIS retrievals.177

Similarly, simulatedcloud liquid waterover theoceansis greaterthanMODIS, but is178

significantly lower thanMODIS over land andseaice coveredsurfaces.WE NEED179

TO SAY SOMETHINGMORE ABOUT THE ANALYSESNOW THAT WE HAVE180

THE DATA.181

182
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183

b. Zonal Mean Properties:184

We next look at thezonally time-averagedcharacteristicsof waterexchangebetween185

the atmosphereand the Earth’s surface. The zonally averagedseasonaland annual186

distribution of precipitationfor theCAM3 is shown in Fig. 2 in comparisonwith pre-187

cipitationestimatesfrom CMAP. In mostrespectstheCAM3 exhibitssimilarbiasesto188

thoseseenin theCCM3simulation.Theamplitudeof thetropicalprecipitationis gen-189

erallywell captured,althoughthereis aslightly moreexaggerateddouble-ITCZthanin190

CCM3,mostnotablyduringDJF. Thesimulatedlocationof theDJFITCZ maximum,191

morethan10
�
northof theanalyzedCMAP maximumillustratesamajorproblemwith192

therepresentationof tropicalprecipitation,which is thepersistenceof ITCZ-like pre-193

cipitationin theNorthernHemisphereyearround.Thiscontrastswith all observational194

estimateswhichshow aclearseasonalmigrationof ITCZ precipitationacrosstheequa-195

tor. Subtropicalminimaaregenerallydisplacedtoo far polewardseasonallyaswell as196

annually, asarethe secondaryprecipitationmaximain the extratropicalstormtracks.197

Thepolewardshift of theCAM3 SouthernHemispherestormtrackresultsin amodest198

positiveprecipitationbiaswhencomparedto satelliteretrievals.199

The zonally averagedseasonaland annualevaporationrate is shown in Fig. 3200

for the CAM3 and CCM3. CCM3 is usedin this comparisonbecauseof problems201

with identifying a comparableglobalobservationaldataset,andto illustratethereduc-202

tion in the magnitudeof the hydrologicalcycle betweenCCM3 andCAM3. These203

figuresclearly show a significantandsystematicreductionin the CAM3 evaporation204

rateswhencomparedto theCCM3. This reductionin themagnitudeof thehydrolog-205

ical cycle is primarily associatedwith the introductionof a climatologically-specified206

distributionof atmosphericaerosolthatproducea significantreductionof netsolarra-207

diation at the surface. As was the casefor the CCM3 atmosphericmodel, the most208

vigoroustransferof waterto theatmosphereoccursin thesubtropicswith evaporation209

ratesreachingmaximumvaluesnear15
�
N and15

�
S. Consistentwith observational210

analyses,theSouthernHemisphereoceansaretheprincipalsourceof waterpowering211

theatmospherichydrologiccycle in theCAM3. Thesuppressionof evaporationin the212

vicinity of ITCZ convectionis a realistic featureof the CAM3 simulation,which is213

in goodagreementwith correspondingoceanicestimates(e.g.,seeOberhuber, 1988;214

Doney andLarge,1997;Kiehl, 1997;LargeandYeager, 2004).Wealsonoteasubstan-215

tial reductionin thesurfaceflux of waterto theatmospherepolewardof 80
�

N which216

introducesa large changein the waterbudgetover the Arctic whencomparedto the217

CCM3.218

Thezonallyaveragedseasonalandannualnetsurfaceexchangeof water,
�����

,219

is shown for CAM3 andCCM3 in Fig. 4, andis quantifiedin unitsof energy (where1220

mmday	�
�� 29.055Wm 	�
 ). TheCAM3 simulatesastrongseasonalmeridionaloscil-221

lation in thesourceregions,but a relatively weakseasonalmovementof theequatorial222

watersink. The weakmeridionalexcursionof the net watersink in the deeptropics223

is largely attributableto theunrealisticallyweakseasonalmigrationof ITCZ precipi-224

tation. Theregions10
�
N – 40

�
N and10

�
S – 40

�
S arewell definedsourceregionsof225

total water, wherethedeeptropicsandhigh-latitudeextratropicsrepresenttheprinci-226
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pal sinks.In mostrespects,theCAM3 netwaterbudgetbearsremarkablesimilarity to227

the CCM3, especiallyconsideringthe relatively large local changesin the individual228

componentsof the waterexchange. The largestchangesin
�����

occuralong the229

equator, andpolewardof 60
�
N. Theequatorialdifferencesarelargely a consequence230

of reducedprecipitationratesthatis manifestedin theform of astrongerdoubleITCZ,231

particularlyapparentin the Indian Ocean. Over the Arctic the evaporationdeficit is232

nearlytwice aslargeasin theCCM3, largelydueto largesystematicreductionsin the233

surfaceevaporationrate.234

Thezonallyaveragedprecipitablewater, or vertical integral of thespecifichumid-235

ity, is shown in Fig. 5, alongwith theNVAP climatology. TheCAM3 is systematically236

moisterthantheCCM3, andin betteragreementwith zonally-averagedobservational237

estimatessuchasNVAP. The largestbiasis presentyearroundnear30
�
N, exceeding238

4 kg m 	�
 (or 4 mm) overmostof theregionbetween10
�
and40

�
N. As wewill show,239

theagreementin thezonalmeandistribution of precipitablewateris theconsequence240

of a fortuitouscancellationof errorsin thelongitudinaldistribution.241

As mentionedearlier, cloudsprovide important forcings on the climate system242

throughtheir modulationof theradiativeheatingfield. Theclimatologicaldistribution243

of cloudandcloudcondensateis thereforeworthy of somediscussion.The radiative244

effectsof thesimulatedcloudfield arediscussedin Collins (2004),wherewe confine245

thisdiscussionto theextentof cloudcoverandthesimulatedpathlength.246

Theannuallyandzonallyaveragedmeridionaldistributionsof total cloudamount247

are shown in Fig. 6 for CAM3, ISCCP, and Nimbus 7. The CAM3 cloud field is248

markedly differentfrom theCCM3. Total cloudcover in the tropicsandpolewardof249

theextratropicalstormtracksis significantlyreducedin theCAM3. This is dominated250

by a sharpreductionin high cloudover mostof theglobe,andreductionsin mid and251

low-level cloud at high latitudes. The reductionsin tropical high cloud arecompen-252

satedby increasesin middle-level cloud,wherelow level cloudhassystematicallyin-253

creasedequatorwardof 60
�
N and60

�
S.Thereductionin highcloudis moreconsistent254

with ISCCPestimates,while the increasein low level cloud amountis moreconsis-255

tentwith Warren(19XX). Despitesomeimprovementin thedistribution of simulated256

cloudamount,importantbiasesin themeridionaldistribution remainin CAM3. One257

of themoreobviouslongstandingdeficienciesis thelocationof theminimain subtrop-258

ical cloud cover, near20
�
latitudein the observationalrecord,but closerto 30

�
in the259

CAM3 simulation.Thisdifferencehasimportantconsequencesfor theradiativebudget260

of thesubtropicswhere,for example,the tropicalshortave cloud forcing is too broad261

andthereforetoo strongfor muchof thesubtropics.Theradiative issuesrelatedto the262

simulationof cloudandcloudopticalpropertiesis not thefocusof thismanuscript,but263

will bediscussedelsewhereusingtheISCCPsimulatordevelopedin Klein andJakob264

(1999)andWebbet al.(2001).265

As notedin Table2, condensedwaterin theatmosphereis severalordersof mag-266

nitudesmallerthanstoragein thevaporstate,andyet is of comparableclimateimpor-267

tancein termsof modulatingthe global radiationbalance(e.g.,Wielicki et al., 1995;268

Kiehl, 1994b). Zonally andannuallyaverageddistributionsof liquid waterpathare269

shown in Fig. 7 for theCAM3, andfor severalsatellite-derivedproducts.TheCAM3270

exhibitssharplydefinedmaximafor cloudliquid waterin thedeeptropicsandat60
�
N271

and60
�
S.Simulatedcloudwaterin thetropicsandsubtropicsagreesmostcloselywith272
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the SSMI retrievals of Wentzet al (19XX), andrepresentsa � 30% overestimateof273

cloud water in the ITCZ for both the MODIS andNVAP retrievals. Cloud water in274

theextratropicalstormtracksis approximatelytwice aslargeasin the ITCZ, andap-275

proximatelytwice as large asdiagnosedby any of the available retrievals. The one276

exceptionis a new MODIS retrieval underdevelopmentby membersof the CERES277

ScienceTeam,whichshowshigh latitudecloudliquid waterpathsof comparablemag-278

nitudeto theCAM3 simulation.Unlike theCCM3, theseasonalbehavior of thesim-279

ulatedzonalaverageof cloudliquid waterdoesnot show a strongseasonaloscillation280

at high latitudes. The JJA simulationshows the strongestdeparturefrom the annual281

meandistribution,with slightly enhancedliquid waterpathsin theITCZ andNorthern282

Hemispherehighlatitudes.Similarenhancementsareseenin thevariousobservational283

estimates,althoughtherelativebiasesdiscussedearlierremain.284

A quantity for which little in the way of globally observed dataare available is285

ice waterpath. Zonally, annually, andseasonallyaverageddistributionsof ice water286

pathassimulatedby the CAM3 areshown in Fig. 8. As is the casefor cloud liquid287

water, cloud ice waterexhibits largedifferencesbetweenthe tropicsandextratropics.288

Southernhemisphereextratropicalice waterpathsarenearly threetimesas large as289

in the ITCZ, exceeding40 gm m 	�
 . Unlike the liquid water distribution, ice water290

hasa very strongseasonalcycle at high latitudes,with maximumextratropicalvalues291

occuringin therespectivewinter hemispheres.Thereis alsoa muchstrongerseasonal292

shift in cloudice at low latitudeswith muchstrongertropical ice waterloadingduring293

Borealsummer.294

c. Vertical Structure:295

Temperatureandwatervaporarethe two statevariablesthat jointly definethe static296

stability of theatmosphere.Theability to properlysimulatethethermalstructurealso297

playsan importantrole in theability to properlysimulatethewaterdistribution. Fig.298

9 shows the CAM3 annualzonalaveragedifferencesof temperatureandspecifichu-299

midity differencesfrom theERA40reanalysisclimatology. Overall, theCAM3 doesa300

relatively goodjob of reproducingtheanalyzedthermalstructure.Simulatedtempera-301

turesarewithin 1
�
K to 2

�
K of theanalyzedfield for mostof thedomainboundedby302

50
�
N and50

�
S.Overall, theCAM3 simulationrepresentsamodestimprovementover303

the CCM3. Tropical tropopauseerrorsarenearlyhalved whencomparedto CCM3,304

andhigh-latitudelower tropospherictemperatureshave beensignificantlywarmed.A305

sizablepartof thewarmingchangesis associatedwith theincreasedhorizontalresolu-306

tion,mostnotablyin high-latitudemid-to-uppertropospherictemperatures(seeHacket307

al., this issue).Despitetheseimprovements,thedifficulty in properlysimulatingpolar308

tropopausetemperaturesremains,alongstandingdocumentedproblemfor atmospheric309

generalcirculationmodels(Boeret al., 1992;morerecent?).310

Global observationalestimatesof the vertical distribution of water in the atmo-311

spherearenotoriouslydifficult to find, whereanalysisproductsprovide thebestavail-312

ableestimates.Even analysisproductscontinueto containlarge uncertaintiesin the313

moisturefield (e.g., Trenberthand Guillemot, 1995; more recent?),sincethe water314

vapordistribution continuesto dependupontheparameterizedtreatmentof processes315

involvedin thehydrologicalcycle. Nevertheless,comparisonof thereanalysisproduct316
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againstlocally availableradiosondeobservationssuggestthat theverticalstructureof317

thebiasesshown in Fig. 8 arerobust.Thesezonallyaveragedbiasesgenerallyshow a318

wetterthananalyzedatmospherethroughoutmostof thedomain.Themajorexception319

is the meridionally-broadlow-level dry biasbetween600 and900 mb in the tropics,320

with biasesexceeding1 gm kg 	�
 in the zonalannualmean.The overall structureof321

thewatervaporbiasis similar to CCM3, but slightly exaggeratedin magnitude.Pre-322

liminary analysesof this error suggestthat the vertical structurein the tropics,such323

as the positive water vaporanomalyat 500 mb, is stronglydeterminedby the form324

of parameterizedmoist convection. Furtherevidencethat theselarge-scalebiasesare325

real is shown in Fig. 10, which illustratesverticalprofilesof ��� andspecifichumidity326

over Yap Island in the tropical westPacific during the monthof July. Thesefigures327

show how well theERA40reanalysiscomparesto radiosondedata,andthat thelower328

troposphericdry biasandmid-to-uppertroposphericmoist biasis a robust featureof329

thesimulation.Thedry biasmaximizesnear850mbreaching3 gmkg 	�
 . Watervapor330

biasesof this magnitudeandstructurehavea significantimpactof themoiststaticsta-331

bility of thetropicalatmosphere,asis seenin the � � profiles,andarelikely to play an332

importantrole in thelow latitudedynamicalresponseto diabaticheating.333

The zonal averageof the simulatedvertical distribution of condensateis shown334

in Fig 11. The left panelsshow liquid waterconcentration,andthe right panelsice335

water concentration. Most of the liquid water shown in Fig. 7 residesbelow 900336

mb with concentrationsrangingfrom 0.05– 0.15 gm m 	�� in thezonalannualmean.337

Themid- andhigh-latitudeextratropicsexhibit verystrongverticalgradients,while the338

vertical distribution in the deeptropics is considerablymorediffuse. The cloud ice339

waterdistribution generallyreachesit’s maximumconcentrationseveralkm above the340

freezinglevel, between500mb and600mb in theextratropicalstormtracksandnear341

300mb in thedeeptropics. Maximumice waterconcentrationsreach0.007gm m 	��342

and0.003gmm 	�� in therespectivezonalannualextratropicalanddeeptropicalmeans.343

Thehigh latitudeseasonalswingin ice waterpathis primarily determinedby changes344

in ice waterconcentrationin the lowestkilometerof the atmospherein the Northern345

Hemisphere.The SouthernHemisphereseasonalcycle is largely determinedby ice346

waterloadingchangesin the free atmosphere.Also, muchof the high latitudecloud347

condensateconsistsof mixedphaseclouds,whereasice andliquid waterregimesare348

moreclearlyseparatedin thetropics.349

Finally, weillustratetheverticalstructureof themeridionaltransportof watervapor350

in Fig 12. Meanmeridionalwatertransportis shown in the left panels,andtransient351

meridionalwater transportis shown in the right set of panels. As shown in Fig 4,352

the deeptropicsarea sink of moisture,the subtropicsarea sourceof moisture,and353

regionspoleward of 40
�
are sinks of moisture. As might be expected,the transport354

of water from the subtropicsinto the deeptropics is generallyconfinedto the lower355

1500 � of the atmosphereand largely handledby the meanmeridionalcirculation.356

This transportexhibits the strongseasonalasymmetriesassociatedwith the Hadley357

Circulation(Trenberthet al., 2000). The majority of watervaportransportto higher358

latitudesoccursoveraslightly deeperportionof theatmosphere,occurringin theform359

of transienteddytransport.Althoughmuchweaker thantheequatorwardtransportby360

the Hadley Circulation,a third of the total poleward transportoccursin the indirect361

or Ferrel Circulation. At higher latitudeseddy transportstoward the pole dominate362
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transportby the meancirculation(PolarCell), which actsto move watervaporfrom363

thepolarregionsto lower latitudes.364

d. Horizontal Structure:365

In thissection,wewill examinethehorizontaldistributionof verticallyintegratedmea-366

suresof waterandsurfacewaterexchangein theCAM3. We begin with theannually367

averagedprecipitationfield shown in Fig 13. AlthoughtheCAM3 simulationcaptures368

many of the observed featuresin the global precipitationdistribution, it continuesto369

sharemany of thesamebiasesexhibitedby theCCM3. Most of theavailableretrieval370

dataagreethatthemostserioussimulationerrorsoccurin excessiveprecipitationover371

the westernIndian Ocean,the centralsubtropicalPacific, andin the vicinity of Cen-372

tral America. TheCAM3 alsocontinuesto underestimatethestrengthof theAtlantic373

ITCZ. The simulationalsocontinuesto exhibit a tendency for the simulatedtropical374

precipitationmaximato remainin theNorthernHemisphereyearround,anda slightly375

greatertendency for reducedprecipitationalongtheequator, patricularlyin theIndian376

Ocean.This is in sharpcontrastwith mostsatelliteestimates,which show a clearsea-377

sonalmigrationof ITCZ precipitationacrosstheequator, includingtheIndianOcean.378

Theprecipitationanomaliesin thewesternIndianOceanarerelatedin partto defi-379

cienciesin theZhang-McFarlaneclosureassumptions,atopicwhichhasbeenexplored380

by several investigators(Xie, 1999;Zhang,200?).Themostseriousmanifestationof381

theseproblemsappearsin the form of excessive precipitationratesover the Arabian382

Peninsuladuring theNorthernHemispheresummermonths.Otherfactorscontribute383

to this biasthroughouttheyear, includingthetendency to anomalouslyshift precipita-384

tion to thenorthernIndianOceanduringtheborealwinter, coupledwith anoveractive385

anddisplacedprecipitationregime to the westandnorthwestof Madagascarextend-386

ing from the MozambiqueChannelinto the Indian Oceaneastof Tanzania. Boreal387

summeralsoexhibitsanextremelyoveractiveprecipitationsimulationjustnorthof the388

equatorand1000km to thesouthwestof theIndiansubcontinent.Theexcessive pre-389

cipitationin thecentralPacificsubtropicsis associatedwith two simulationchallenges.390

TheCAM3 continuesto havedifficulty in properlypositioningtheSouthPacific Con-391

vergenceZone,which is too strongin magnitudeandtoo zonal in structure,not ex-392

tendingfar enoughinto the southernextratropics. This precipitationfeaturealsohas393

a tendency to extendtoo far east,anothersymptomof the tendency for the modelto394

producea doubleITCZ. ThenorthernPacific biasis associatedwith a poorsimulation395

of the very well definedprecipitationpatternthat extendsfrom the SouthChinaSea396

throughthe PhilippineSeaandinto the tropical equatorialPacific during the months397

of July throughAugust.Thisprecipitationpatternis representedasa relatively diffuse398

extensionof thesoutheastAsianMonsoonwell into thecentralPacific subtropics,and399

is a longstandingprecipitationbiasin theCCM andCAM models.Othernotablefea-400

turesof the precipitationdistribution is the inability to capturethe seasonalcycle of401

precipitationoff thewestcoastof CentralAmerica,andweaker thananalyzedprecip-402

itation ratesalongthe extratropicalwesternboundarycurrents.Precipitationover the403

landsurfacesgenerallytendsto be excessive, especiallyover the Congo. Exceptions404

includelargeareasover theAmazonBasin,andmuchof UnitedStateseastof thecon-405

tinentaldivide. Finally, simulatedprecipitationratesin thehigh-latitudeextratropical406
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stormtrack regionscontinuesto be slightly higher than in currentsatelliteretrievals407

suggest.408

The simulatedevaporationfield (not shown) illustratesthe importantrole played409

by theoceansurfaceasa sourceof watervaporto theatmosphericgeneralcirculation.410

As suggestedby the zonalmeans,both the northernandsouthernoceanscontribute411

to the evaporationof water vapor year round, but with importantseasonallongitu-412

dinal migrationsof evaporationcenters.The simulationexhibits a clearevaporation413

minimum in the ITCZ yearround,with extensive regionsof high evaporationin the414

respective winter hemispheres.Borealwinter includesevaporationmaximaalongthe415

westernboundarycurrents(the KuroshioandGulf Stream),the RedSea,the eastern416

Bay of BengalandeasternequatorialPacific, all of which exceed10 mm day	�
 ( �417

290 W m 	�
 ) in the 3-monthseasonalmean. Other featuresincludemaximain the418

subtropicalwesternPacific,thewesternequatorialAtlantic, andsouthernIndianocean419

with evaporationrates� 6 mm day	�
 ( � 175W m 	�
 ). As wasthecasewith CCM3,420

broadregionsof evaporationarealsoseenover muchof SouthAmericaandSouthern421

Africa exceeding4 mm day	�
 ( � 120 W m 	�
 ) in the seasonalaverage.During the422

Borealsummer, thewell definedevaporationcenterstransitionto anextensive region423

of high evaporationacrossthe southernoceans,with maximain the SouthernIndian424

OceanandtropicalwestPacific. Evaporationmaximain thenorthernPacificoceanmi-425

grateeastwardto thevicinity of theHawaiianIslandswith maximumevaporationrates426

of 6 mm day	�
 . The principal evaporationregime in the Atlantic migratesinto the427

southernhemisphere,andcontinentalevaporationmovesinto thenorthernhemisphere,428

mostnotablyeasternNorth America,India, largeportionsof eastandsoutheastAsia,429

andsub-SaharanAfrica.430

Together, theevaporationandprecipitationfieldsdefinethepropertiesof freshwa-431

ter exchangebetweentheatmosphereandEarth’s surface.Theannuallyaveragedhor-432

izontal distribution of
�����

is shown in Figure14 for the CAM3. We notethat a433

comparableglobalobservationaldatasetdoesnot exist. Theprincipal tropicalprecip-434

itation featuresareclearly visible. Local waterdeficits in the Inter-TropicalConver-435

genceZonegenerallyexceed4 mm day	�
 ) in the annualmean. The easternPacific436

subtropics,centralAtlantic subtropics,andsouthernIndiansubtropics,aretheprinci-437

palsourcesof waterfor theatmosphere.TheCAM3 simulatesalargeseasonalcyclein438 �����
overmuchof SouthAmerica,centralandsouthernAfrica, India,andsoutheast439

Asia, mostlya reflectionof the seasonalmigrationof deepconvectionin responseto440

solarinsolation.Similarseasonalvariability is seenovermostof Europeextendinginto441

centralAsia,andovermuchof North America.Most of Europeanda largeportionof442

North Americacanbe clearly characterizedaswatersourceregionsduring JJA, and443

watersink regionsduringDJF.444

Thehorizontaldistributionof theannually-averagedprecipitablewater, andits dif-445

ferencefrom theNVAP climatology, is shown in Fig. 15. To a largeextent,theCAM3446

doesa very goodjob of capturingthestructureandcorrectmagnitudeof precipitable447

waterin theatmosphere.Thereare,however, importantlarge-scalesystematicbiases,448

despiteexceptionallygoodagreementin thezonalmeanstructure.Thelongitudinally449

compensatingarrangementof thesebiasesis responsiblefor the good agreementin450

the zonalmean,wheresomeof theseregional biasesarewell correlatedwith biases451

in theprecipitationdistribution. Precipitablewateris generallyoverestimatedthrough-452
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out mostof the Pacific basin,in the westernIndian Ocean,ArabianSea,andcentral453

Africa. In sharpcontrast,thesimulationexhibits a largespatially-coherentdry region454

stretchingfrom theAmericas,acrosstheequatorialAtlantic, NorthernAfrica, andinto455

SouthernandSoutheastAsia. In generalterms,the simulationis systematicallydry456

overcontinentalregions,mostnotablyduringthewarmseason.Thesewatervaporbi-457

asesarelocally significant,particularlyoverSaharanAfrica wherethey canexceed10458

mm,or oftenhalf of of theobservedprecipitablewater.459

Fig. 16showstheannualglobaldistributionof cloudliquid waterandcloudice for460

theCAM3 simulation.Theextratropicalstormtracks,featuresof thelow latitudetrop-461

ical circulation,suchas the subtropicalsubsidenceregimes,andcontinentaldeserts,462

areall clearlyvisible in thecloud liquid waterfield. The liquid waterpathfrequently463

exceeds200gmm 	�
 in thestormtracks,in contrastwith many of thesatellite-retrieved464

cloudliquid waterclimatologies.Liquid waterloadingat low latitudesis generallyin465

betteragreementwith satellite-derivedvalues,althoughpathlengthsin thesubtropical466

subsidenceregimesareconsiderablysmaller, particularlyin theSouthernHemisphere.467

This is a surprisingfeatureof the simulation,given the greaterthanobserved cloud468

radiativeforcingof theseregionsin thesimulation.Cloudicesharesmany of thesame469

regional characteristicsascloud water. The tropical distribution is highly correlated470

with areasof deepconvectiveactivity, suchasover theCongo,westernIndianOcean,471

TropicalwestPacific,andAmazon.As suggestedby thezonalmeansin Fig. 8, signif-472

icantly greaterice waterloadingis foundat high latitudesin the stormtrack regions,473

whereice water pathsare frequentlywell in excessof two times the maximumice474

waterpathsseenin thetropics.475

3. Low FrequencyForced Variability: Uncoupled Con-476

figuration477

TheseasonalcycleandtheequatorialSSTanomaliesassociatedwith El Niño-Southern478

Oscillation(ENSO)aretwo examplesof majormodesof low frequency variability in479

the climate system. Theseare essentiallyforced modesof variability in uncoupled480

integrationsof theCAM3, andprovideausefulbasisfor evaluatingthesimulatedlocal481

andfar-field responsesascomparedto whatis observed.482

The CMAP andGPCPanalysesof global precipitationprovide an observational483

opportunityto quantitatively examinethe CAM3 simulatedprecipitationresponseto484

ENSO.Fig. 17 is a Hovmöller plot of precipitationanomaliesasestimatedby CMAP485

averagedover the deeptropics (averagedbetween10
�
N and 10

�
S) and the CAM3486

simulationof precipitationfor theperiodJanuary1979throughDecember2000. The487

CMAPproductshowstheevolutionof strongpositiveandnegativeprecipitationanoma-488

lies in responseto thewarmandcold phasesof theobservedENSOcycle. Generally,489

the CAM3 doesextremelywell at capturingboth the structureandamplitudeof the490

anomalypatternin thecentralandeasternPacific. Theeastwardextensionof thewarm491

phaseanomaliesarewell reproduced.Themostseriousweaknessis in thesimulation492

of theanomalypatternin thewesternPacific andIndianOcean,which is muchmore493

weaklyrepresentedthanobserved.494
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A secondway of examiningtheresponseof thehydrologicalcycle to ENSOis to495

explorethespatialpatternof theanomalyresponseassociatedwith thetime averaged496

precipitationdifferencebetweena specificwarm andcold event. This approachalso497

hasthe advantageof amplifying the responseto the ENSOcycle. Fig 18 shows the498

monthlyaveragedprecipitationdifferencebetweenJuly 1994(warmphase)andJune499

1999 (cold phase)as analyzedby GPCPand as simulatedby CAM3. Both panels500

show averylargepositiveprecipitationanomalystretchingacrossthecentralequatorial501

Pacific flankedby negativeanomaliesto thenorth,west,andsouth(in theSPCZ).The502

CAM3 simulationdoesa very goodjob of representingthestructureandamplitudeof503

thepositive anomaly. Thestructureandmagnitudeof thenegative anomalyresponse504

is not as well represented,particularly in the westernequatorialPacific and eastern505

equatorialPacific. The westernPacific anomalyis too strongimmediatelynorth of506

the equatorandtoo weakalongthe equator. This responsepatternis consistentwith507

the time-dependentresponseshown in theFig. 17 Hovmöller diagram.Nevertheless,508

theCAM3 simulationdoesa remarkablygoodjob of capturingtheoverall patternand509

amplitudeof theresponse,includingthefar-field responseseenin theAtlantic andthe510

westernIndianOcean.An importantexceptionis therainfall anomalyovertheAmazon511

basin,which is veryweaklyrepresented.512

Finally, we examinetheability of theCAM to simulatetheseasonalmigrationof513

watervaporbetweentheNorthernandSouthernhemispheres,which representsa reg-514

ular majormeridionalredistribution of massin theatmosphere,andhasan impacton515

Earth’s angularmomentumbudget(e.g.,Lejenaset al., 199X). As seenin the zonal516

meansof Fig. 5, theCAM3 correctlysimulatesastrongseasonalmeridionalmigration517

of precipitablewater. Fig 19 shows this seasonalredistribution of watervaporby sub-518

tractingtheJJA distributionof precipitablewaterfromtheDJFdistribution. Despitethe519

biasesdiscussedearlier, theseasonalredistribution of watervaporis well represented520

in theCAM3. Thestructureof theseasonalresponseis verysimilar to theobservedcli-521

matology, evenonrelatively smallscales.Therearelarge-scalesystematicbiases,such522

astheslightly weakerseasonalcyclein theNorthernHemisphere,andslightly stronger523

seasonalcycle in theSouthernHemisphere,thatleadto localdifferencesin amplitude.524

But theoverallpropertiesof thismodeof variability arewell representedin theCAM3525

simulation.Theseresultsdemonstratetheability of theCAM3’s hydrologicalcycle to526

respondto lower-frequency externallyimposedforcing.527

4. Mean-StateSimulation Properties: CoupledConfigu-528

ration529

In this sectionwe provide an overview of the hydrologicalcycle as representedin530

CCSM3coupledsimulations(Collinsetal. 2004a),whichemploy theCAM3 astheat-531

mosphericcomponent.Thesimulationwewill discussmakesuseof theCAM3 model,532

discussedin theearliersectionsandby Collinsetal. (2004c).Wewill examinetheprin-533

cipal differencesin thehydrologicalcycle assimulatedby theatmosphere,alongwith534

majorfeaturesof thehydrologicalcycleasseenfrom theperspectiveof theland,ocean,535

andseaicecomponentmodels.This discussionwill employ a standardCCSMcontrol536

13



simulation in which the atmosphereand land modelsare representedon a T85L26537

transformgrid, andtheoceanandsea-icemodelsmake useof a nominal1
�
horizontal538

discretization.TheT85x1configurationof thecoupledmodelis whathasbeenusedto539

documentthe CCSM3simulationsfor internationalclimate-changeassessments(see540

Collinset al. (2004a)).541

a. Atmosphere:542

In anoverall sense,theCCSM3atmosphericglobalwaterandenergy cycle budgetre-543

mainsremarkablysimilar to theuncoupledCAM3 simulation.Thetop of atmosphere544

energy budgetremainswithin 0.2Wm 	�
 , while theindividual componentsof thesur-545

faceenergybalanceremainwell within 1 Wm 	�
 in theglobalannualmean.Theglobal546

cycling of waterin thesimulatedatmosphereis nearlyidenticalto thecharacterization547

shown in Fig. 1 for the uncoupledmodel. The magnitudeof the globalhydrological548

cycle is reducedby approximately1%, primarily dueto a reductionin themagnitude549

of the water exchangeover land and seaice, but with comparablelevels of runoff.550

Globalannualstorageof watervaporandcondensatein the atmospherealsoremains551

well within 1% of the uncoupledcontrol simulation. Seasonally, thesedifferencesin552

measuresof theglobalwatercyclevaryonly slightly morethanin their annualmeans.553

Although mostglobal annualmetricsarevirtually identical,the detailedregional554

behavior of the simulatedhydrologicalcycle in coupledmodeincludessomenotable555

differences.Theseanomaliescanbeseenin thezonalmeanquantitiesrelatedto theex-556

changeandstorageof waterin theatmosphere(Figs.2, 3, 4, and5). Thereis aremark-557

ableshift in thesurfaceexchangeof waterfrom theNorthernto SouthernHemisphere558

tropics.NorthernHemispheretropicalprecipitationratesarereducedby 1 mm/dayin559

thezonalannualmean,andareenhancedby morethantwice this ratenear10
�
S.This560

meridionalshift producesa significantandunrealisticchangeto thefreshwaterbudget561

over the tropicaloceans,mostnotablyduring theBorealwinter (seeSection4b). Al-562

thoughthe precipitationanomalyappearsin both the Atlantic andPacific basins,the563

zonalmeananomalyis dominatedby changesover thePacific. This takestheform of564

anunrealisticenhancementof a southernandmorevigorousbranchof ITCZ convec-565

tion extendingacrossthebasinfrom thewarmpool to theEquadorcoast(seeFig. 20).566

Thechangeto theprecipitiondistributionis symptomaticof theso-calleddouble-ITZC567

problemthat plaguesmany coupledmodels(ref). Despitethe overestimatedprecipi-568

tationratesin thesoutherntropicalPacific andsoutheasterntropicalAtlantic, several569

otherfeaturesin theprecipitationdistributionaresignificantlyimproved.Theseinclude570

precipitationover CentralAmericaandtheCaribbean,alongthewesternmid-latitude571

boundarycurrents,over the ArabianPeninsula,andover the NorthernIndian Ocean.572

Precipitationreductionsin the north centralsubtropicalPacific alsorepresentmodest573

improvementswhencomparedto theuncoupledsimulation.574

Changesin theprecipitationdistribution areassociatedwith a similar shifts in the575

storageof water in the atmosphere.Precipitablewatermovesfrom the Northernto576

SouthernHemisphereshowing a double-peakedtropical distribution, which is domi-577

natedby anomaliesthatmaximizein DJF. Largepositiveanomaliesexceeding10 mm578

appearin thesouthcentraltropicalPacificandsoutheasterntropicalAtlantic. Negative579

anomaliesof similar magnitudearelocatedover muchof the tropicalandsubtropical580

14



NorthernHemispherewith maximacenteredover the ArabianPeninsulaandCentral581

America. Generallyspeaking,changesto the precipitablewaterfield representaddi-582

tional degradationsof thesimulationwhencomparedto observationalestimates.The583

cloud condensatedistribution reflectsthe changesto the distribution of precipitation584

andprecipitablewater. Cloudwaterandcloudicefollow theconvectivesourceregions,585

which have migratedto thesouthernoceans.Thesechangesto thehorizontaldistribu-586

tion of waterstronglyimpacttheenergy budgetat both thetop of theatmosphereand587

surface.Largelocalanomaliesareseenin bothclear-sky andall-sky radiativefluxesat588

thesurfaceandat thetopof atmosphere,exceeding40 Wm 	�
 for all-sky fluxes.Since589

precipitationandradiativeprocessesareintegrally involvedin driving thetropicalcir-590

culation, significantchangesto the low level wind field are also seenin the central591

PacificandeasternAtlantic. Thesechangesgiveriseto ameridionallycomplex differ-592

encein surfacelatentandsensibleheattransfers,furtheraffecting the freshwaterand593

heatbudgetsover theoceans.594

An exampleof tropicalvariability of precipitationis shown in theright Hovmöller595

panelin Fig. 17. This shows muchweaker tropical variability thanin the uncoupled596

model.Theresponseis relatedto thestrengthof CCSMsimulatedENSOevents(asop-597

posedto specifiedENSOeventsin theuncoupledsimulation),coupledwith thealtered598

dynamicalstructureof thedeeptropicsanda tendency for mostof theprecipitationto599

occuraway theequator.600

b. Ocean:601

Oceantransportof freshwaterpreventsthe developmentof significantlocal trendsin602

oceansalinity wheremeannet freshwaterflux is stronglypositive or negative. Net603

freshwater flux is mainly a function of precipitationand evaporationwhich have a604

geographicdistributiondeterminedby large-scaleatmosphericcirculations.Thefresh-605

water forcing of the oceanis thuspredominatelya function of latitude. The ocean’s606

principle role in the hydrologicalcycle of the climatesystemis to transportthe net607

positive freshwaterflux resultingfrom precipitationin the tropicsandhigh latitudes608

towardsthemidlatitudeevaporationzones.Theoceanalsomovesfreshwaterpoleward609

from icemeltingregionsto iceformingregionswheremeannetfreshwaterflux is nega-610

tive. Lastly, theoceanmustredistributethelarge,highly-localizedinflux of freshwater611

arisingfrom river runoff.612

Net freshwaterflux into theoceanasa functionof latitudeis shown in Figure21,613

whichcomparesthefully-coupledCCSM3control(T85x1)to anocean-alonehindcast614

(DEFINE)solution(x1ocn)aswell asto anestimateof actualfreshwaterflux (obs)de-615

rivedfrom observedatmosphericandoceandatasetsasdescribedin LargeandYeager616

(2004).Thex1ocnandobscurvestrackeachotherclosely, sincethemajordifference617

betweenthetwo is thattheformercouplesobservedatmosphericstatefieldsto a fully618

evolving oceanmodelwhereasthe latter couplesthe samefields to an observedSST619

dataset.River runoff fluxesfrom bothcomputationsareidenticalandarebasedon the620

climatologicalgaugeestimateschemeoutlinedin LargeandYeager(2004).In addition621

to differencesin SST, thesecurvesdeviateat high latitudesbecausethe oceanmodel622

incorporatesice formationandice melt flux algorithmsfor which thereareno corre-623

spondingobservationaldatasets.Thus,at extremepolar latitudes,x1ocnshows large624
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negative freshwater fluxes where ice formation resultsin brine rejection,and more625

positive freshwaterinput thanobsnearice edgelatitudes( 65
�
S, 70

�
N) wheremelt-626

ing takesplace. Thesecurvesprovide somemeasureof real freshwaterfluxes,with627

andwithoutpolarprocessesincluded,whichcanbecontrastedwith thecoupledmodel628

solution.629

As in theuncoupledocean,T85x1freshwaterflux is negativeathighpolarlatitudes,630

andshows a jump to positive nearthe ice edgeto valueswhich exceedthe observed631

flux estimate. Comparedto both observationally-basedbenchmarks,thereis exces-632

sive coupledfreshwaterflux to theoceanbetween����� � �"! � � andlessflux between633

��#�$ � � �%� � , in bothhemispheres.TheSouthernHemisphereexcess(A) resultspri-634

marily from excessiveprecipitationtogetherwith amoreequatorwardpeakin icemelt635

flux, which relatesto overly extensive ice coveragein the Atlantic andIndian ocean636

sectorsof theSouthernOcean(Hollandet al). Themidlatitudefreshwaterflux deficit637

in theSouth(B) arisesfrom a lack of precipitationin comparisonto observationales-638

timates,aswell asameanincreasein evaporativeflux over theselatitudes.TheNorth-639

ernHemisphereextratropicsarealsocharacterizedby excessiveprecipitationandmore640

equatorward ice melt, but muchof the excessfreshwaterflux in the vicinity of 60
�
N641

(C) is dueto muchhigherriverrunoff fluxesneartheselatitudes.As in theSouth,there642

is lesscoupledprecipitationandmoreevaporationbetween��#%$ ��&'� �%� � N, resulting643

in a freshwaterflux deficit (D).644

The freshwaterflux to the coupledoceanis mostunrealisticin the tropics,where645

thedoubleITCZ createsaspuriouspeakin zonalmeanprecipitationat ��()$ � S.A peak646

in T85x1 freshwaterflux at the Equator(E) is relatedto colderSSTswhich generate647

lessevaporationin thePacific alongwith excessive precipitationin thewesternequa-648

torial Pacific andIndian Ocean.The positive flux biasbetween10
�
S andEquatorin649

Fig. 1 is exacerbatedby muchhigherrunoff from theCongothanis observed(Oleson650

reference?/Section4c). ThenorthernITCZ is weaklysimulatedin thecoupledmodel651

andthis lack of precipitationtogetherwith low river runoff flux comparedto the ob-652

servedestimatesbetween��$ � �+* $ � N leadsto theslight freshwaterflux deficit in the653

northerntropics(F). River runoff anomaliesarerelatedto precipitationanomaliesover654

continents,asdiscussedin section4c.655

The biasesin T85x1zonalmeansurfacefreshwaterflux give rise to biasesin the656

meanmeridionaltransportof freshwaterby the ocean. In Figure22, the northward657

freshwatertransportsof thecoupledanduncoupledoceanmodels,computedfrom Eu-658

lerianmeanadvection,arecompared.Eddytransportsaremissingfrom thesecurves.659

Both modelsshow poleward freshwater transportat high latitudesassociatedwith660

ice growth/meltprocesses.While x1ocnshows significantfreshwatertransportsouth661

acrossthe Equator(about1/3 of which occursin the Atlantic basin),the zonalmean662

freshwatertransportacrosstheEquatorin T85x1is verynearzero.In coupledCCSM3,663

thenegative freshwaterflux zonesat southernmidlatitudes( �,()$ � � ��$ � S) arefresh-664

enedvia oceantransportfrom southernhigh latitudesas well as from the southern665

tropics,wherefreshwater input is higher thanreality. Sincetropical precipitationin666

natureis asymmetricabouttheequator, thex1ocnmusttransportfreshwatersouthward667

acrosstheequatorin eachoceanbasinin orderto compensatethesouthernmidlatitude668

evaporationzones.The coupledCCSM3oceantransportsaboutasmuchfreshwater669

northwardacrosstheequatorin theAtlantic asx1ocntransportssouthwardacrossthe670
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equator, andthereis muchlesstransportof freshwatersouthwardacrosstheequatorin671

thePacific.672

Therewould appearto be an overly robusthydrologicalcycle in T85x1 in which673

excessive midlatitudeevaporationin the SouthernHemisphereis relatedto excessive674

precipitationin thesoutherntropicsaswell asin theSouthernOcean.Theoceanis thus675

forcedto transportmorefreshwaterpolewardfrom thetropicsthanin reality, muchof676

it northward. Excessive high northernlatituderiver runoff (cross-checkwith Oleson!)677

resultsin too muchfreshwatertransportsouthward to theextratropics.Thecausesof678

the biasedfreshwater cycle are difficult to pinpoint, but are probablyrelatedto the679

lackof adampingmechanismwhichwould inhibit air-seafreshwaterexchangein way680

comparableto heatexchange,whentheoceanbecomestoo freshor salty. Subtropical681

SSSand SST in the southare fresherand warmerthan observed (ref bias paper?).682

This suggeststhat the excesstropical precipitationtransportedto the subtropicsby683

the oceanrendersthe midlatitudeupperoceantoo fresh and stable,thus inhibiting684

the deepmixing which would lower the SST. Anomalouslyhigh SSTsresultsin the685

excessevaporationwhich, after atmospherictransportback to the tropics, recursas686

excessprecipitation. Processstudiesindicatethat, at leastin the Atlantic, correcting687

theeasternoceanSSTbiasgreatlyreducesexcesstropicalprecipitation(refbiaspaper).688

c. Land:689

The hydrologicalbudgetover land in CCSM representsa balancebetweenprecipita-690

tion, evapotranspiration,runoff, andthechangein storagein soilsor snow. As seenin691

Table3, thereis noappreciablechangein storageduringthetimeperiodanalyzedhere.692

Both annualmeanprecipitationandrunoff comparefavorablywith observations,with693

precipitationbeingabout3% high andrunoff about4% low if glaciersareincludedin694

themodelestimate,andaboutright with glaciersexcluded.We notethatobservations695

of runoff do not include most of Greenlandand all of Antarctica. Purely observa-696

tionalestimatesof globalevapotranspirationarenot available;however, from a variety697

of sourcesBrutsaert(1984)estimatesevapotranspirationas60-65%of precipitation.698

CCSMevapotranspirationis 63%of precipitation.699

Evaporationfrom thegroundis thelargestcomponentof evapotranspiration(59%)700

followedby canopy evaporation(28%)andtranspiration(13%).Otherestimatesof the701

partitioningof globalevapotranspirationsuggestthattranspirationshouldbethedomi-702

nantcomponentfollowedby groundevaporationandcanopy evaporation.In particular,703

Choudhuryet al. (1998),usinga process-basedbiophysicalmodelof evaporationval-704

idatedagainstfield observations,found that the partitioningwas52% (transpiration),705

28%(groundevaporation),and20%(canopy evaporation).Furthermore,sincephoto-706

synthesisis coupledto transpirationthroughstomatalconductance,theunderestimate707

of transpirationhasimplicationsfor carbonassimilationin the model. Globalphoto-708

synthesisis about57PgC,whichappearsto beabout50%low (Table3). Thedominant709

form of runoff in CCSMis surfacerunoff (52%of total runoff), followedby drainage710

from thesoil column(41%),andrunoff from glaciers,lakes,andwetlands(7%). This711

latter runoff term is calculatedfrom the residualof the waterbalancefor thesesur-712

faces. This term may alsobe non-zerofor othersurfacesaswell becausethe snow713

packis limited to amaximumsnow waterequivalentof 1000kg m 	�
 .714
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Table3: Annualaveragesof globallandprecipitation(
�

), evapotranspiration(
�

), and
runoff ( - ) (mm day-1). The componentsof

�
are transpiration(

�/.
), evaporation

of canopy interceptedwater(
�/0

), andgroundevaporation(
�/1

). The componentsof
runoff aresurfacerunoff ( -32 ), drainagefrom thesoil column( -34 ), andrunoff from
glaciers,wetlands,andlakesandsnow-cappedsurfaces( -35�687 ) (mm day-1). Photo-
synthesis(

�:9
) hasunitsof PgC. Observationsfor

�
arefrom Willmott andMatsuura

(2000), - from Feketeetal. (2000,2002),and
�:9

from Schlesinger(1997). 
 Glaciers
in GreenlandandAntarcticaareincludedin themodelrunoff. Theobservationshave
no dataover theseregions. 
 ExcludingGreenlandandAntarcticain themodel.� � � . � 0 � 1 -;
 - 2 - 4 - 5�687 -<
 �:9

CCSM3 2.12 1.33 0.18 0.37 0.78 0.79 0.41 0.32 0.06 0.82 57.2
Observed 2.06 —- —- —- —- 0.82 —- —- —- 0.82 120

715

Zonalannualaveragevaluesof thehydrologiccycle areshown in Figure23. The716

CCSMsimulationoverestimatesprecipitationnorthof 45
�
N, generallyunderestimates717

it in thenortherntropics,andoverestimatesit in southernSouthAmerica.Thelatitudi-718

naldistribution of evaporationgenerallyfollows thatof precipitationwith a maximum719

in the tropics. Generally, the runoff biasescoincidewith thoseof precipitationsug-720

gestingthatimprovementsin thesimulatedprecipitationmayleadto improvementsin721

therunoff. At high latitudes,theprimaryactive hydrologicalcomponentis runoff. At722

otherlatitudes,groundevaporationgenerallydominates.An exceptionto this is in the723

tropics(10S-10N)wherecanopy evaporationis equallyimportant.Transpirationis the724

smallestcomponentof evaporationatall latitudes,evenin thetropicswherevegetation725

is densest.726

Totalrunoff from thelandmodelis routedto theoceanusingarivertransportmodel727

(reference?).Thus,biasesin runoff havethepotentialto affect seasurfacesalinityand728

regional oceancirculation. The annualdischarge into the global oceanis shown in729

Figure24. Total discharge is 1.33Sv. Discharge excluding Antarcticais about1.25730

Sv, which is about6%higherthantheestimateof Dai andTrenberth(2002).Theriver731

transportschemedoesnot accountfor lossof waterdueto humanwithdrawal or im-732

poundmentof water, seepageinto groundwater, or evaporationfrom theriverchannel.733

In particular, consumptionof waterfor irrigationmayaccountfor someof thediscrep-734

ancy. Döll andSiebert(2002)estimatenetandgrossglobal irrigation requirementsas735

0.035Sv and0.078Sv, respectively. The lossof freshwater from Antarcticais esti-736

matedto be0.07Sv by Vaughnet al. (1999),which is thesameasthat from CCSM.737

However, this comparisonis fortuitousbecausethemajority of Antarctic runoff from738

CCSM comesfrom the cappingof snow over glaciers.More detailedglaciermodels739

needto be incorporatedinto CCSM to properlydescribeglacial processesincluding740

iceberg calvingandbasalmelting.741

Clearly, therearenotabledeficienciesin themodeleddischargeat certainlatitudes742

that arisefrom the land runoff fields. In particular, discharge from the Amazonand743

the Congois 42% low and109%high, respectively. The deficienciesin partitioning744

of evapotranspirationdescribedpreviously areevident in the hydrologicalbudgetof745
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the AmazonBasin(not shown). The partitioningof annualevapotranspirationin the746

modelis 49%canopy evaporation,30%groundevaporation,and21%transpiration.As747

discussedin Dickinsonet al. (this issue),too muchwateris interceptedby thecanopy748

and re-evaporatedin the wet season,thus resultingin limited water availability for749

plantrootsparticularlyin thedry season.Photosynthesisexhibits a significantdecline750

in thedry season,which affectstheability of thedynamicglobalvegetationmodelto751

correctlysimulatethecompositionof vegetationin this region(Levis etal., this issue).752

Theyear-roundwarmbiasin this region thatis pronouncedin thedry seasonis further753

confirmationthatthesimulationis deficient.754

While improvementsin the precipitationfield suppliedby the atmospheremodel755

would likely improve the land hydrologicsimulationin the AmazonBasinandglob-756

ally, thereareclearlyaspectsof the landhydrologythat requireattention.Currentre-757

searchis focusedonimproving thesunlit/shadedtreatmentof photosynthesis,stomatal758

conductance,andtranspiration,andtheparameterizationof canopy interception.759

d. Sea Ice:760

As ice grows from seawater, it rejectssaltbackto theocean,resultingin a relatively761

freshicecoverwith approximately4pptsalinity. If icedynamicsis excludedandequi-762

librium climateconditionsareconsidered,thelocal icegrowth is balancedby local ice763

melt and the net long-termmeanseaice freshwaterflux to the oceanis zero. Even764

underthermodynamiconly conditionshowever, theconsiderableseasonalcycle of the765

ice/oceanfreshwaterflux canmodify theoceanbuoyancy forcing andinfluenceocean766

mixing. Whenseaice dynamicsareconsidered,the transportof relatively freshsea767

ice redistributeswater in the system,influencingthe global hydrologicalcycle. This768

hasthepotentialto modify the largescaleoceancirculationin boththesouthern(e.g.769

GoosseandFichefet,1999)andthenorthern(e.g.Hollandet al., 2001)hemispheres.770

In thesouthernhemispherethereis netseaicegrowth alongtheAntarcticcontinent771

which is thentransportedequatorward. Figure25 shows theannualmeanmeridional772

ice transportsimulatedby theCCSM3controlintegration.As theseaicehasonly 4ppt773

salinity, this ice volumetransportis nearlyequivalentto a freshwatertransport.The774

transportreachesamaximumof approximately0.25Svat65S.Estimatesderivedfrom775

satelliteice motion observationsandsparseice thicknessobservations(Weatherlyet776

al., 1997)suggesta maximumvaluebetween0.05and0.1Sv. Comparedto theseesti-777

mates,theCCSM3hasexcessive meridionalice transportin thesouthernhemisphere.778

The CCSM3 simulatedsouthernhemisphereice motion comparesquite well to ob-779

servedestimates(not shown). However, the ice thicknessis excessive, particularlyin780

theWeddellSea(Hollandet al, this issue),resultingin thehigh meridionaltransport.781

This excessive ice transportandmelting along the ice edge,modifiesthe oceansea782

surfacesalinity conditions,resultingin a freshbiasalongtheAntarcticseaice edgein783

thesouth-westernAtlantic.784

In CCSM3, the long-termaveragefreshwaterstoragein Antarctic seaice equals785

15,630km� . Thiscorrespondsto anannualaverageareaof 12million km
 with anav-786

eragethicknessof approximately1.4m andasalinityof 4ppt.As discussedin Holland787

et al (this issue),thesimulatedareaof Antarcticseaice is largecomparedto observa-788

tions,whichhaveanannualaverageof approximately??.789
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In theNorthernHemisphere,thereis netseaicegrowth in theArctic basin,resulting790

in a net lossof water from the Arctic ocean.The Arctic ice is transportedby winds791

andoceancurrentsandentersthe north Atlantic throughFramStrait. This provides792

an importantsourceof freshwaterto the Greenland-Iceland-Norwegianseasandhas793

the potentialto influenceoceanicdeepwater formation in this region (e.g. Holland794

et al., 2001). The annualmeanflux of seaice throughFram Strait in the CCSM3795

T85-gx1control integrationis 0.08Sv. This agreeswell with theobservedestimateof796

0.09Sv givenby Vinje (2001). The flux hasa considerableannualcycle (Figure26)797

reachinga maximumvalueof almost0.12Sv in latewinter whenthe ice thicknessis798

at a maximumandthewindsareat their strongest.As theice volumeflux dependson799

both the thicknessandvelocity of the seaice, the goodagreementwith observations800

suggeststhat both of thesepropertiesarereasonablysimulated. This doesappearto801

be the case,asdiscussedfurther in Holland et al (this issue)andDeWeaver andBitz802

(this issue).Onthelong-termaverage,thenorthernhemisphereCCSM3seaicecovers803

10 million km
 with a meanthicknessof approximately2 m. Accountingfor the ice804

salinity, this representsa freshwaterstorageof 18,450km� .805

5. Summary806

Wehavepresentedselectedfeaturesof thesimulatedhydrologicalcycle for theCCSM807

CAM3 for bothcoupledanduncoupledapplicationsof themodel.TheCAM3 exhibits808

a weaker hydrologicalcycle whencomparedwith predecessormodels,andcloserin809

magnitudeto observationalestimates.The relative distribution of surfacewaterex-810

changeandatmosphericwaterstorageby surfacetypeis in goodagreementwith obser-811

vationalestimates.Thedetaileddistribution of waterin thesimulatedclimatesystem812

revealsreal systematicerrorswhencomparedto observations,wheremany of these813

biasesarelongstandingsimulationchallenges.Thelongitudinaldistributionof precip-814

itablewater, andits verticaldistribution,remainthemostsignificantexamplesof these815

deficiencies.The tendency to form double-ITCZstructuresin the deeptropics,and816

to inadequatelysimulatetheseasonalmeridionalmigrationof tropicalprecipitationis817

alsoa continuingproblem.818

THERE ARE ALOT OF GOOD THINGS THAT SHOULD BE EMPHASIZED,819

AND DISCUSSED.MORE IS COMING, BUT IT WILL NEED TO WAIT TILL820

LATER.821
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