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Abstract

The configurationand performanceof a new global atmosphereandland modelfor cli-
materesearchdevelopedat the Geoplysical Fluid DynamicsLaboratory(GFDL) is presented.
The atmospheranodel, knovn as AM2, includesa new gridpoint dynamicalcore,a prognostic
cloud schemeand a multi-speciesaerosolclimatology and componentdrom previous models
usedat GFDL. The land model,knovn asLM2, includessoil sensibleand latentheatstorage,
groundvaterstorage andstomatalresistanceThe performanceof the coupledmodel AM2/LM2
is evaluatedwith a seriesof prescribedsea-surdice temperaturgSST) simulations.Particular
focusis givento the model’s climatologyandthe characteristicef interannualariability related

to El Nifio/Southern Oscillation (ENSO).

One AM2/LM2 integration was performedaccordingto the prescriptionsof the second
AtmosphericModel IntercomparisorProject(AMIP 11) anddatawere submittedto the Program
for Climate Model Diagnosisand IntercomparisorfPCMDI). Particular strengthsof AM2/LM2,
asjudgedby comparisorto othermodelsparticipatingin AMIP 11, includeits circulationanddis-
tributions of precipitation.Prominentproblemsof AM2/LM2 includea cold biasto surfaceand
troposphericemperaturesyeaktropicalcycloneactvity, andweaktropicalintraseasonalctiity

associated with the Madden-Julian oscillation.

An ensembleof 10 AM2/LM2 integrationswith obsened SSTsfor the secondhalf of the
twentiethcenturypermitsa statisticallyreliableassessmertf the model’s responséo ENSO.In
general AM2/LM2 producesa realisticsimulationof the anomaliesn tropical precipitationand

extratropical circulation that are associated with ENSO.
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1. Introduction

In this report, an overview is presentedf the new GFDL global atmosphereand land
modelknowvn as"AM2/LM2". AM2 andLM2 are,respectrely, the atmospheriandterrestrial
component®f the earth-systenmodelthatis underdevelopmentat GFDL for climateresearch
andclimate predictionapplicationsIn developingAM2/LM2, the focushasbeenon consolidat-
ing andimproving thevariousversionsof suchmodelsthathave beenusedin GFDL s past(Ham-
ilton etal. 1995,SternandMiyakoda1995,Delworth etal. 2002).The principalaimis to createa
modelthat realistically representshe dynamic,thermodynamicandradiatve characteristic®f
the climate systemandis suitablefor couplingto oceanandsea-icemodelswithout flux adjust-
ment.Balancedagainstthis aim is the needto have a modelcomputationallyfastenoughso that

ensemble multi-century ingeations may be performed.

Although AM2/LM2 incorporatesmary componentsof previous models used within
GFDL, it doesrepresent substantiabreakfrom the past.AM2 includesa new gridpointatmos-
phericdynamicalcore,a multi-specieghreedimensionakerosolclimatology a fully prognostic
cloudschemeanda moistturbulenceschemelLLM2 incorporatesoil sensibleandlatentheatstor-
age,groundvaterstoragestomatakontrolof transpirationandsoil- andplant-dependenparam-
eters.Thesenew componenthave requiredmodificationandretuningof componentghat were
carriedover from previous models.This hasled to a modelwith more capabilitiesand potential
for growth aswell asa modelwith simulationcharacteristicgenerallysuperiorto that of the

older GFDL models.

Our modeldevelopmenteffort is team-basedndinvolvesa broadcrosssectionof exper-
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tise from within andoutsideof GFDL,; this hasrequireda challengingdegreeof coordination A

simultaneoushallengehasbeenGFDL s transitionfrom vectorto parallelcomputingarchitec-
tures.To addresshesechallengesanin-housesoftwareframevork known asthe "Flexible Mod-

eling System"(FMS, http://www.gfdl.noaa.ge/fms) hasbeendeveloped.FMS-basedcodesare
modular use Fortran 90, and are basedon standardizednterfacesbetweencomponentmodels
(i.e. land,atmospheregcean sea-ice) The software conseratively exchangeghe fluxesof heat,
moisture,andmomentunmbetweerncomponentnodelswhich may have differenthorizontalgrids.
The FMS codeorganizationisolatesthoseaspectf the coderelatedto parallelcomputingto a
relatvely simple messagepassinginterface (http://www.gfdl.noaa.ge/~vb/mpp.html). As a
result,scientistadevelopingnew codefor themodelneednotlearntheintricaciesof parallelcom-
puting. Usingthe FMS, it hasbeenpossibleto rapidly testa variety of modelconfigurationsand
follow parallel developmentpathsfor the atmospherepcean,land, and sea-icemodels.FMS
modelshave beentestedsimultaneouslyn vectorand parallel platforms.As a consequencehe

transition to a n& parallel computing emronment vas made with relate ease.

Section2 of thereportdocumentshe component®f AM2/LM2 aswell asthe boundary
conditionsfor the experimentgperformed.Section3 providesa discussiorof AM2/LM2’ s clima-
tologicalcirculation,hydrologyandradiationbudget,aswell asits variability. A brief comparison
of the quality of AM2/LM2’ s climatologyto thatof othermodelsis givenin section4 andfuture

plans are discussed in section 5.
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2. Model components and boundary conditions for model integrations

The component®f AM2/LM2 aredescribedn the following threesubsectionsk-or ease

of reference, a summary of model componentsvsrgin Table 1.

a. Grid-point dynamical core

The hydrostatic, finite difference dynamical core has been developed from models
describedn Mesingeret al. (1988)andWyman(1996).The AM2 dynamicalcoreusesthe same
setof prognosticvariablesasin thesereferencesbut hasa differenthorizontalandvertical grid.
Thelatitude-longitudéhorizontalgrid is the staggered\rakava B-grid (ArakavaandLamb1977)
with aresolutionof 2.5° longitudeby 2° latitude.In the vertical,a hybrid coordinategrid is used;
sigmasurfacesnearthe groundcontinuouslytransformto pressuresurfacesabove 250 hPa (Table
2). The model hastwenty-four vertical levels with the lowest model level aboutthirty meters
above the surface.Thereareninefull levelsin thelowest1.5km above the surface;this relatively
fine resolutionis neededby the boundarylayer turbulenceschemeAloft the resolutionis more
coarsewith approximatelytwo km resolutionin the uppertropospherefive levelsarein the strat-
ospherewith the top level at about3 hPa. The prognosticvariablesarethe zonaland meridional
wind componentssurface pressuretemperatureand tracers.The tracersinclude the specific

humidity of water \apor and three prognostic clouariables (section 2b3).

The model utilizes a two-level time differencingscheme Gravity waves are integrated
usingtheforward-backvardschemgMesingerl977)anda split time differencingschemas used
for longeradwective andphysicstime steps(Gadd1978).The adwective termsareintegratedwith

a modified Euler backward schemehat haslessdampingthanthe full backward schemgKuri-
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haraandTripoli 1976).Thegravity wave, advective andphysicstime stepsare200,600,and1800

seconds, respewély.

The verticalfinite differenceschemeusedis from SimmonsandBurridge (1981),except
thatthe pressuregradientformulationis replacedwith thefinite-volumemethodfrom Lin (1997).
Improvementdo theflow in thevicinity of steepmountaingesultfrom its use.Horizontaladvec-
tion usescenteredspatial differencing.Momentumadwection is fourth-order;temperatureand
traceradwection are second-orderThe vertical advection of tracersusea finite-volume scheme
(Lin et al. 1994) with the piecavise parabolicmethodof Colella and Woodward (1984). Grid
point noiseandthe 2Ax computationamodeof the B-grid arecontrolledwith linearfourth-order
horizontaldiffusion. To preventspuriousdiffusionalongslopingcoordinatesurfacesthediffusive
fluxesof heatandmoistureareadjustedwith alinear correctiontoward pressuresuriaces A sec-
ondorderShapiro(1970)filter is appliedto the departuregrom the zonalmeanof the zonalwind
componenandto thetotal meridionalwind componenatthetop modellevel to reducethereflec-
tion of waves.Fourierfiltering is appliedpoleward of 60° latitudeto dampthe shortestesohable
wavessothatalongertime stepcanbetaken. Thefilter is appliedto the massdivergence thehor-

izontal omga-alpha term, the horizontal abtive tendencies, and the momentum components.

Although the numericalschemesre designedo consere total enegy, someaspectof
thedynamicalcoredo not. Thesencludethe horizontaldiffusion,the Shapirdfilter usedatthetop
level, thetime differencing,andthe pressureyradientpartof theenegy corversionterm.To guar-
anteeenegy conserationfor long climateruns,a globalenegy correctionis appliedto tempera-

ture.

Onemayaskwhy this B-grid dynamicalcorewasselectedvhena standardeulerianspec-
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tral dynamicalcoreis alsoavailablewithin FMS. Throughoutthe developmentprocessjntegra-
tions have beenperformedwith this spectralcore.Most of the biaseghatarepresensimulations
with the B-grid corearealsopresenin simulationswith a T42 spectralcore,including an exag-
gerateddoubleIntertropical CorvergenceZone (ITCZ) structurein the Pacific, the equatorvard
biasin the positionof the North Atlantic westerliesandthe positive biasin Arctic sealevel pres-
sure.Overall figuresof merit of the sort discussedelonv are somavhat superiorin the B-grid
model, which partly reflectsthat the tuning processfocusedon integrationswith the gridpoint
model.Onenoticeabledifferenceis that SouthAmericanrainfall is superiorin the B-grid model,
owing to the difficulty in representinghe Andesin a spectralmodelof this resolution.The defi-
cient spectralmodel solution occurs despitethe use of a sophisticatedspectraltopograply
smoothingalgorithm(Lindberg andBroccoli 1996).Apart from theseconsiderationsjifferences
in computationakfficiengy wheninterchanginglynamicalcoresaremodestat this resolution For

these reasons, the B-grid core has been chosen for thétaebdel.

b. Atmospheric physics

1) RADIATION AND PRESCRIBEDOZONE AND AEROSOL CLIMATOLOGIES

Theshortwave radiationalgorithmfollows FreidenreickandRamaswamy (1999; hereinaf-
ter FR99). When this radiationcode was first employed in AM2, it was deemednecessaryo
increasdts computationakfficiengy. As aresult,the bandstructureandthe numberof exponen-
tial-sumfit termswithin somebandshave beenaltered resultingin fewer pseudo-monochromatic
columnarcalculations.Specifically the bandfrom 0 to 2500 cmr* now hasone insteadof six
terms,owing to consideratiorof CO, astheonly absorbefor thisinterval; thereis onebandfrom

2500to 4200cnt! insteadof three,andthetotal numberof termsis reducedrom twelve to eight;
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thereis onebandfrom 4200to 8200cn? insteadof four, andthetotal numberof termsis reduced
from twenty-fourto nine; the numberof termsfor the 8200to 11500cm? bandis reducedrom
sevento five while thatfor the 11500to 14600cm?® bandis reducedrom eightto two; thereare
now threebandsbetween27500and 34500cm? insteadof five, eachwith oneterm. Altogether
thenumberof bandsin the solarspectrums reducedrom twenty-five to eighteenwhile thetotal
numberof pseudo-monochromaticolumn calculationsrequiredper grid-box is reducedfrom
seventy-two to thirty-eight. This new bandstructureand the revised exponential-suntits have
beendevelopedandtestedwith benchmarkcalculationsusingthe HITRAN 2000line catalogue
(Rothmanet al. 2003). Despitethe reducedbandstructure the maximumerror in the clearsky
heatingratesremainsat the lessthan 10% as was obtainedwith the seventy-two termfit. The
errorsin the shortwave overcastsky heatingratesfor the watercloud model consideredSlingo
1989)arenow aboutl5%,increasedrom about10%for the seventy-two termfit; for ice clouds,

the errors tend to be @r (FR99) and for the present parameterization could reach 25%.

The interactionsconsideredby this shortwave parameterizationnclude absorptionby
H,0, CO,, O, O,, molecularscatteringandabsorptiorandscatteringoy aerosolsaandclouds.For
water clouds,the single-scatteringpropertiesin the solarspectrumfollow Slingo (1989);for ice
clouds,theformulationfollows Fu andLiou (1993).To accountfor the radiationbiasthatresults
from usinghorizontallyhomogeneouslouds(Cahalaretal. 1994),the cloudliquid andice water
contentsare multiplied by 0.85 beforecalculatingboth shortandlongwave radiatve properties.
Three-dimensionamonthly-mearprofilesof aerosoimassconcentrationandtheir optical prop-
ertiesfollow Haywood et al. (1999) and Haywood (personalcommunication).The prescription
accountdor sea-sal{low windspeectase)andthe naturalandanthropogenicomponentsf dust,

carbonaceous (black andyanic carbon), and saife aerosols.
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Ozoneprofilesfollow FortuinandKelder(1998)andarebasedn obsenationsfrom 1989
to 1991.This climatologyhasbeenshavn to yield resultsthatrepresensubstantiaimprovements
over thoseobtainedwith previous older climatologiesusedin the GFDL global models(Ramas-

wamy and Scherzkopf 2002).

The oceansurfaceis assumedo be Lambertian,with the albedoa function of the solar

zenith angle follaing the formulation of &ylor et al. (1996).

Theband-aeragingof the single-scatteringparametersn the shortwave parameterization
is performedusingthe thick-averagingtechnique(Edwardsand Slingo 1996). The delta-Edding-
ton techniqueis employed to computethe layer reflectionandtransmissiorbasedon the single-
scatteringpropertiesof that layer (FR99). The diffuse incidentbeamis assumedo be isotropic
andits reflectionandtransmissiorarecomputedusingan effective angleof 53°, in contrasto the
4-point quadratureschemeusedin FR99. The net direct and diffuse quantitiesin eachlayer are
given by the weightedsumof the clearandovercastsky fractionspresenin thatlayer. Thetotal
shortwave fluxes and heatingratesare computedusing an adding scheme(Ramasvamy and

Bowen 1994).

The longwave radiation code follows the modified form of the Simplified Exchange
Approximationand is also developedand testedusing benchmarkcomputationg Schwarzkopf
andRamasvamy 1999).1t accountdor the absorptiorandemissionby the principal gasesn the
atmospherencludingH,0, CO,, O;, N,O, CH,, andthe halocarbon£FC-11,CFC-12,CFC-113
and HCFC-22. Aerosolsand clouds are treatedas absorberan the longwave, with non-grey
absorptioncoeficientsspecifiedin the eight spectralbandsof the transferschemefollowing the

methodologyadoptedin Ramachandraet al. (2000). For water clouds,the absorptioncoefi-
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cientsfollow thoseemployedin Held et al. (1993);for ice clouds,the Fu andLiou (1993)pre-

scription is used.

In both the shortwave and longwave parameterizationsghe water vapor continuumis
parameterizedccordingto the CKD 2.1 formulationof Cloughetal. (1992).Additionally, short-
wave andlongwave bandandcontinuumparameteraredervedusingthe HITRAN 2000line cat-

alogue (Rothman et al. 2003).

2) CuMULUS PARAMETERIZATION AND CONVECTIVE MOMENTUM TRANSPOR

Moist convectionis representedby the Relaved Arakava-Schuber{RAS) formulation of
Moorthi and Suarez(1992). In this parameterizationgorvectionis represenby a spectrumof
entrainingplumeswhich produceprecipitation.Closureis determinedy relaxingthe cloudwork
functionfor eachcloudin the spectrumbackto a critical valueover a fixedtime scale A number

of local modifications ha been made; these are enumeratedibelo

* (Thefractionof watercondenseth the cumulusupdraftswhich becomegprecipitation
(known asthe precipitationefficiency) is specifiedto be 0.975for deepcorvectionand
0.5 for shallov cornvection. Deepcorvectionis definedas updraftswhich detrainat
pressurelevels abore 500 hPa whereasshallov corvection is defined as updrafts
which detrainbeneatt800hPa. For pressurebetweerb00and800 hPa, the precipita-
tion efficiengy is linearly interpolatedin pressurebetweenthe valuesfor deepand
shallov corvection.This versionof RAS lackscumulusupdraftmicrophysicssuchas

that deeloped by Sud and &lker (1999).
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* Thenon-precipitatedraction of condensedvater 0.025for deepcorvectionand0.5
for shallav convection, is a source of condensate for the prognostic cloud scheme.

* Re-evaporationof corvective precipitationis allowed to occur This versionof RAS
doesnot include the effects of corvectve downdrafts developedin a later version
(Moorthi and Suarez 1999).

* Thetime scaleover which the cloud work functionis relaxed to a cloud type depen-
dentvalueis modifiedsothat deepupdraftsrelax over a time scaleof about12 hours
but shallav updrafts relax eer a time scale of only 2 hours.

* The cloud type dependentloud work function is taken from Lord and Arakawva
(1980)exceptthatit is reducedo zerofor shallav updraftswhich detrainbelov 600
hPa. This changevasmadeto reduceundesirabldow cloudbehaior on ENSOtimes-
calesover the EquatorialPacific Cold Tongueanda relatedinstability which occurred

when an earlierersion of AM2/LM2 was coupled with a med-layer ocean.

In additionto thesechangesgeepcorvectionis preventedfrom occurringin updraftswith
a lateral entrainmentrate lower than a critical value determinedby the depthof the sub-cloud
layer (Tokiokaet al. 1988).This modificationresultsin generalimprovementgo the distribution
of tropicalprecipitationandanincreasen tropicaleddyandstormactiity. A deleteriouseffectis
a cooling of the uppertropical tropospherdy 2K. This constraintis appliedonly to corvective
updraftsthat detrainabove 500 hPa. This constrainthasnot beenappliedto shallover updrafts
becausedhe resultingdecreasen the intensity of shallov corvectionleadsto large increasesn
tropical low cloud cover to the point that adjustingothermodelcomponentdo achieve radiatve

balanceis too difficult. It is surprisinghow importantweakly entrainingupdraftsin RAS areto
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the distrilution of low level cloud ceer.

The impactof cumuluscorvection on the horizontal momentumfields hasbeenrepre-

sented by adding to thestical difusion coeficient for momentum a term of the form:

Key = YM A/ p (1)

whereK , is the contritution to the momentumdiffusion coeficient from cumuluscorvection,
M. is thetotal cumulusmassflux predictedoy RAS with unitskg m? s?, d is the depthof con-
vectionin meters,p is the densityof air, andy is a dimensionlesgonstantwith value0.2. The
choservalueof y is roughly consistentvith the cloud resolvingmodelresultsof MapesandWu
(2001)who estimatethat 10 mm of cornvectie precipitationdampsout 40-80%o0f the meanbaro-
clinic kineticeneny. If oneassumeshatthehorizontalflow hastheverticalstructureof afull sine
wave over a depthof 10 km, thenthis rate of decaycorrespondso the choiceof y between0.1
and0.2.In AM2/LM2, this convective momentuntransporimutesthe tendeng of AM2/LM2 to
producea doublelTCZ in the tropical Pacific andresultsin a morerealisticregressionof zonal
surfacewind stressin the equatorialPacific on NINO3 SSTs.A deleteriousmpactis the sharp
reductionof tropical transienteddy activity which hasin part motivated the inclusion of the
Tokioka modification describedabove. The marked consequencesf including this corvective
momentumtransporton the ENSO spectrumfrom a coupledmodel using AM2/LM2 will be

described elsehere.

Thechoiceof adown-gradiendiffusive formulationof convectve momentuntransporin
placeof the morecorventionalmass-fluxformations(e.g.Gregory etal. 1997),wasbasedn part

on concerngegardingnumericalstability (Kershav etal. 2000).Giventheuncertaintiegasto how

10



GFDL GAMDT

corvective organizationmodifiesverticalmomentumtransportsandthe inability of a large-scale
model to addresghe questionof convective organization,it was felt that this simpler scheme
might be adequateOne canmimic the tendencieproducedby the Gregory et al. (1997)scheme
with diffusionif the vertical structureto the meanflow is simple enough(linearin pressurefor
example).However, thediffusioncoeficientsfrom (1) arelargeratlow levelsthanthosegivenby
anequvalentmass-fluformulation. The largermomentumendenciest low levelsgeneratedby
(1) appeato beimportantto the advantage®btainedirom this diffusive formulationin a coupled

model.

3) CLOUD SCHEMEAND RADIATION BALANCE TUNING

Large-scaleclouds are parameterizedwnith separateprognostic variablesfor specific
humidity of cloud liquid andice. Cloud microplysics are parameterize@ccordingto Rotstayn
(1997)with anupdatedreatmenif mixed phaseclouds(Rotstaynet al. 2000). Fluxesof large-
scalerain and snav are diagnosedand the amountof precipitationflux inside and outside of
cloudsis tracked separatelyJalob andKlein 2000).The particlesizeof liquid cloudsneededor
radiationcalculationgs diagnosedrom the prognosediquid watercontentandanassumedaloud
droplet numberconcentrationwhich is specifiedto be 300 cm?® over land and 100 cn1® over
ocean.For ice clouds,the particle sizeis specifiedas a function of temperaturdbasedupon an
analysisof aircraft obsenations(Donneret al. 1997).Cloudsare assumedo randomlyoverlap.
Becauseof the coarsevertical resolutionin the uppertroposphergTable 2), this assumptioris
acceptablehere,but for cloudsin the lower tropospherehis assumptions poor (Hogan andlll-

ingworth 2000).

Cloudfractionis alsotreatedasa prognosticvariableof the modelfollowing the parame-

11
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terizationof Tiedtke (1993)with two importantchangesThe first changenvolvesthe treatment
of supersaturatectonditionsin grid-cells.In theseconditions,it is judgedthatthe parameteriza-
tion hasomitted somemissingcondensatiomprocessin Tiedtke (1993),ary vaporin excessof
supersaturatiomas condensedlirectly into precipitationwithout making cloud water In AM2/
LM2, this excessvaporis condenseadnto cloudinsteadof precipitation.This is justified because
the AM2/LM2 implementationromits somekey condensatiorterms,suchasthe boundarylayer

condensation source term froredtke (1993).

Thesecondchangeanvolvesthe erosionconstanta key unknavn parametem the Tiedtke
parameterizationthat governsthe rate at which sub-gridscalemixing dissipatesloudsin sub-
saturatedyrid cells. Ratherthanusea single globally constantvalue (Tiedtke 1993),the erosion
constants madea functionof the stateof thegrid cellin AM2/LM2. If verticaldiffusionis acting
in a grid cell, the erosionconstantis setto the large value of 5 x 10% s? which ensuresapid
dissolutionof cloudsin sub-saturatedells.If convectionis occurringwithout vertical diffusion,
the erosionconstants setto the smallervalueof 4.7 x 10° s. If neithercorvectionnor vertical
diffusionis occurringin a grid cell, thenthe erosionconstanis setto the evensmallervalueof 1
x 10% s?, the original value usedin Tiedtke (1993). The relative valuesof the erosionconstant
reflect the degree of sub-grid scale turbulence and mixing occurringin a grid cell. In fully
turbulentlayers,the mixing is rapid sothatpartially cloudy regimesshouldbe moretransitory(in
theabsencef sourceof partial cloudinessthanin quiescentonditionsfor which partly cloudy
conditionscould exist for along time. The erosionconstanin the presencef corvectionis very
influentialin controllingthe brightnesof tradecumulusregions.However, thevalueof 4.7 x 10
st usedin the presenceof convectionis about40 times smallerthanthe value for the erosion

constantsuggestedy analysisof large-eddysimulationsof trade cumuli from the Barbados

12
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Oceanographi@and MeteorologicalExperiment(BOMEX) (Siebesmeet al. 2003). This may
partly explain why the shortwave reflectionfrom tradecumulusregionsis too large (Figure 10,

below).

Themodelsradiationbudgetis tunedsothatthelong-termglobalandannuaimeanoutgo-
ing longwave andabsorbedolarradiationarecloseto obseredandthatthe netradiatve balance
is betweerD and1 W m2. Thisis accomplishegrimarily throughadjustmentso the cloud drop
radiusthresholdvaluefor theonsetof raindropformation(avalueof 10.6um is used) theerosion
constanin the presencef corvection,andto the specifiedprecipitationefficiengy for deepcon-
vectionin RAS. Althougha critical radiusof 10.6um is smallerthancanbejustified, it is consid-
erably larger thanvaluesusedpreviously in otherlarge-scalemodels.The value usedin AM2/
LM2 is perhapsloseenoughto realisticvaluesthatthelack of sub-gridscalevariability to cloud
waterin microplysicalcalculationamaybethereasorthatlarge-scalanodelstunethis parameter

(Rotstayn 2000, Pincus and Klein 2000).

4) SURFACE FLUXES

Surfacefluxes are computedusing Monin-Olukhov similarity theory given the atmos-
phericmodels lowestlevel wind, temperatureand humidity andthe surfaceroughnesdengths,
temperatureand humidity. To recognizethe contribution to surfacefluxes from sub-gridscale
wind fluctuationsa ‘gustiness’componenproportionalto the surfacebuoyang flux is addedto
the wind speedusedin the flux calculations(Beljaars 1995). Oceanicroughnesdengthsfor
momentum heat,and moistureare prescribedaccordingto Beljaars(1995). As a result of this
prescriptionfor roughnessengths,the exchangecoeficientsfor momentumincreasewith wind

speedwhereasthe heatand scalarexchangecoeficients remainfairly constantacrossa wide

13
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range of wind speed.

The treatmentof surfacefluxesin highly stableconditionsrequiresspecialattentionas
with traditionalformulations thetemperatur®f the surfacewill decoupldrom thatof theatmos-
phereleadingto excessve cooling of the winter land surface(Derbyshire1999).In orderto pre-
ventthis decouplingthe stability functionsaremodifiedsothatmixing will occurfor Richardson
numbersgreaterthan0.2. This pragmaticfix for a problemcommonto mary modelswill hope-
fully bereplacedwvith a morephysically basedreatmenbasedon the active researchn this area

(Holtslag 2003).

Recognizinghatflow over hills with horizontallengthscalessmallerthanthosethatgen-
erategravity waves inducessubstantialdrag on the atmospherea parameterizatiorfor ‘oro-
graphicroughnesshasbeenintroduced(Wood and Mason1993). In this parameterizationan
‘effective roughnesslengthproportionalto the standardieviation of orograply at sub-gridscales
is usedto enhancethe exchangecoeficient for momentum.The exchangecoeficientsfor heat
and scalarsare unaltered.In the absenceof this parameterizationanomalouslow level jets

occurred in the vicinity of steep orograpyradients.

5) TURBULENCE

Vertical diffusion coeficientsare predictedaccordingto their physical context. A K-pro-
file schemébaseduponLock etal. (2000)is usedfor corvective boundaryayersandnearsurface
convective layersdriven by stronglongwave cooling from cloudtops(i.e. stratocumulugsorvec-
tion). Thetop of the convective boundarylayeris determinedy lifting a nearsurfaceparcelto its

level of neutralbuoyangy. Likewise,the bottomof the stratocumulusayeris determinedoy low-

14
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eringaradiatvely cooledparcelto its level of neutralbuoyang. For bothtypesof cornvection,the
mixing acrosghetop of theselayersis prescribedvith anentrainmenparameterizatiomwhichis
basedupona combinationof obsenation and large eddy simulationresults.For the corvective
boundarylayer, the entrainmeniparameterizatiomollows that of Lock et al. 2000for which the
entrainmentateis proportionalbothto the surfacebuoyang flux andthe surfacewind stressand
is inverselyproportionalto the strengthof theinversionat thetop of the corvective layer. For stra-
tocumuluslayers,a parameterizatiorfior the entrainmentate w,, is usedwhich approximately

reduces to:

We - pCpA9V| (2)

whereAF, ,, isthelongwave flux divergenceacrosscloudtopin W m2, Cp is the heatcapacityof
air at constanpressureand A8, is thejumpin liquid watervirtual potentialtemperaturecross
the entrainmeninterface. This parameterizationliffers from Lock et al. 2000in that the buoy-
ang reversalterm hasbeenomitted which is justified as follows. To accuratelycalculatethe
buoyang reversaltermrequiresa goodpredictionof the liquid watercontentat cloudtop. How-
ever, confidencan the model’s predictionof cloudtop liquid wateris low becauseao provisions
have beenmadeto accountfor the sub-gridvertical structureof the inversionlayer asis donein
Lock (2001)andGrenierandBretherton(2001).In theabsenc®f thebuoyang reversalterm,the
radiatvely driven entrainmentrate hasbeenenhancedy increasingthe constantin (2) to 0.5,

approximately double thealue used in Lock et al. (2000).

For layersof the atmospherevhich arenot partof eithera corvective planetaryboundary

layer or a stratocumuludayer, a local mixing parameterizatios used.For unstablelayers,the
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mixing coeficients of Louis (1979) are used.For stableturbulent layers,corventional stability
functionsfor which mixing ceasesvhenthe Richardsomumberexceedd.2 areusedexceptnear
the surface.If the surfacelayeris understableconditions,the stability functionswhich provide
enhancedurfacefluxesfor Richardsomumbersn excessof 0.2 (section2b4) are blendedwith

the conventionalstability functionsin thelowestkilometerof theatmosphereThisis doneto pro-

vide a smooth transition from enhanced mixing near thaseitb cowentional mixing aloft.

Finally, the vertical diffusion coeficients are given ‘memory’ by making the diffusion
coeficientsprognosticvariablesanddampingtheir valuesto thosediagnosedrom theinstantane-
ousstatewith adampingtime scaleof onehour. Thistreatmenpreventsa 2At oscillationin stable

turbulent layers.
6) GRAVITY WAVE DRAG

Orographiggravity wavesareparameterizedccordingto Pierrehumberf1986)andStern
andPierrehumber(1988). The momentunflux is a functionof its surfacevalue 1, andtheverti-

cal profile of thesaturatiorflux tU requiredfor wave breaking Thesurfaceflux 14 is specifiedas:

T = —QG(F) (for N%>0) 3)
NA

S

where U is the low level horizontalwind velocity, N is the low level Brunt-Vaisalafrequeng,
and A is aneffective horizontalmountainwavelengthwith afixedvalueof 100km. G is afunc-
tion of the FroudenumberF (= Nh/U, whereh is the sub-gridscalemountainheight)andis

specified as:
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0 g2 O
G(F) = GDEiz—zD. 4)
(F°+ a1
In AM2, the constantsGL! and a have bothbeentunedto a valueof 1 to optimizethe simulation

of zonalmeanwinds andsealevel pressuregradients.The heightdependenvalue of the satura-

tion flux Tl is given by:

0= - pU’DGI/A (5)

whereD is the vertical wavelengthof the gravity wavesdeterminedrom WKB theory The flux

at a gven level is equal to the flux in thevel immediately bel or T, whichever is smaller

Notethatthis parameterizatiommits enhancedow level dragfor high F andanisotropic
effects (the stressat all levels is oppositethe directionof the low level wind). The omissionof
enhancedow level dragis partly compensatethy enhanceddrag dueto orographicroughness

(Section 2b4).
c. Land model LM2

ThelandmodelLM2 is basedon the Land Dynamics(LaD) modeldescribedn detail by
Milly andShmakin(2002; hereinafteMS02). At unglaciatedand points,watermay be storedin
three lumpedresenoirs: snav pack, soil water (representinghe plant root zone),and ground
water Enegy is storedassensibleheatin 18 soil layersandaslatentheatof fusionin snav pack
andall soil layersexceptthetop layer For simplicity the soil latentheat,which wasneglectedby
MSO02, is treatedin an idealizedfashion;every soil grid cell exceptthe top layeris assumedo

have 300 kg m “freezablewater” thatis hydraulically isolatedfrom the water cycle. For water
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massbalance soil waterand groundwater are not allowed to freeze,regardlessof temperature.
Evapotranspiratiorfrom soil is limited by a non-waterstressedulk stomatalresistanceand a
soil-waterstressunction. Drainageof soil waterto groundvateroccurswhenthe watercapacity
of theroot zoneis exceededGroundvaterdischageto surfacewateris proportionalko groundva-
ter storageModel parametersary spatiallyasfunctionsof mappedvegetationandsoil typesbut
aretemporallyinvariant.CertainLaD-modelparametevaluesweremodifiedfrom thoseassigned

by MSO02 for coupling with AM2; these are described Welo

Parametersaffecting surface albedo(snav-free surfacealbedo,snav albedo,and snav-
maskingdepth)were tunedon the basisof a comparisonof model outputwith NASA Langley
SurfaceRadiationBudgetdataanalysegDarnell et al. 1988,Guptaet al. 1992). Additionally, to
improve albedofields, threesparse-ggetationclasseof Matthavs (1983)werere-assignedela-
tive to MS02 sothatonly the Matthews’ ‘desert’ classremainedasdeserin LM2; the otherthree
werere-definedasgrasslandln anotherdeparturédrom MS02,the geographicsariationof snow-
freealbedoof desertwasprescribedn the basisof annualmeanalbedofrom the EarthRadiation
BudgetExperimen{ERBE, Barkstromet al. 1989).This wasdonebecausealbedoof desertdhas
largeregionalvariations;to represenall desertswith a singlealbedo asis donefor the otherveg-

etation classes, as judged to produce unacceptablgéaerrors.

WhentheLaD modelwasfirst runasLM2 coupledto AM2, computedvaluesof evapora-
tion from land were generallysmallerthan expectedfor the AM2 precipitationand surfacenet
radiation. To remedythis bias, the non-waterstressedvaluesof bulk stomatalresistancewvere
reducedglobally in LM2 by a factorof 5 from the valuespreviously determinedoy stand-alone

tuningof theLaD model(MS02). The magnitudeof this reductionwaschoserto produceratesof
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evaporationhaving relationsto precipitationand surfacenet radiationconsistentwith the semi-
empirical relation of Budyko (1974). The necessityfor sucha large parameteadjustmentvas
unexpectedandis underinvestication. Discrepanciedetweerstand-aloneind coupledtuning of
theLaD modelmay berelatedto fundamentaproblemsin the stand-aloneuning stratey, which

does not permit atmospheric feedbacks.

Theheatcapacityof soil for soil depthdessthan0.3m wasreducedylobally by afactorof
4 sothat the diurnal temperatureangeof nearsurfaceair simulatedoy AM2/LM2 is generally
consistentith the ClimateResearctunit (CRU) obsenationsof New et al. (1999).The needto
adjustthe heatcapacityin order to increasethe diurnal temperaturerangeis understandable,
becauset compensatefor systematicerrorsin the original model.In humid regions,the model
assumptiorof anisothermakurface,in whichthevegetationcanofy andsoil surfaceareatacom-
mon temperaturepromotesexcessve sensibleheatflux into the ground.In arid regions, the
modeluseof a global averagesoil wetnesdeadsto overestimatiorof the soil heatcapacityand
thermalconductvity. The needfor this adjustments not surprisingbecauséMS02focusedonthe
long-termmeanwater and enegy balancesguantitiesthat are very insensitve to the soil heat

capacity

Theverticalstructureof thesoil levelswaschangedrom the MS02valuessothatthetotal
soil depthis 6 m with the thicknessof soil levels changingfrom 0.02m atthetop to 1 m atthe
bottom.Relatve to MS02,thethicker nearsurfacelevelssuppressiumericalproblemsntroduced
when the nearsurface heatcapacitywas reduced,and the deepersoil domain permitsthe full

effect of seasonal heat storage to be realized.
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d. Boundary conditions and integrations performed

The standard integration described in this study uses the observationally-based AMIP |1
SST and sea-ice prescriptions (Gates et al. 1999). The period of integration is from 1 January
1979 to 1 March 1996. The integration was initialized from another spun-up integration of the
model with dlightly different boundary conditions and forcing from the AMIP prescription. The
model output from this integration was submitted to the PCMDI in February 2004. A monthly cli-
matology was formed from this integration for the years 1979 through 1995 and was compared to

observations in sections 3a and 4.

A second set of integrations discussed below is a 10-member ensemble of 50-year integra-
tions, from January 1951 to December 2000, that uses another SST and sea-ice data prescription
developed by J. Hurrell at NCAR (personal communication). The data from these integrations are
used in the analysis of variability related to ENSO (sections 3b1 and 3b2) and the Northern Annu-

lar Mode (section 3b3).

3. Simulation characteristics

a. Model climatology

1) GENERAL CIRCULATION

Figure 1 shows the difference in annual- and zonal-mean temperature between the long-
term mean of the AMIP Il integration of AM2/LM2 and a 50-year climatology from the National
Center for Environmental Prediction (NCEP) reanalysis (Kalhay et al. 1996). The model exhibits

a cold troposphere and warm stratosphere bias throughout the year. Typical errors in seasonal
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meantemperatureare2 K and4 K for tropospheri@andstratospheritemperaturegespectrely.
Thelargestmodelbiasoccursatthehigh latitudesof the SoutherrHemisphereold biasfrom 100
to 500 hPa. This biasis commonto mary climatemodels;however, the magnitudeof the errorin
AM2/LM2 is smallerthanin othermodels.Analysesfrom both NCEP andthe EuropearCentre
for MediumRangeWeatherForecast§ECMWEF, Gibsonetal. 1997)indicatezonalmean200hPa
DecembedJanuary-Februar{DJF) temperature®f about225-227K at 60°Sto 90°S, whereas
AM2/LM2 givestemperaturesf 219K for this region. In contrast,the medianAMIP 11 model
hastemperaturesf about211K (P. Gleckler personatommunication)Reasonsor thisreduced

cold bias of 200 h&?temperature are undevastigation.

Thetropospheriacold biasevidentin Figurel extendsto the land surface,ascanbe seen
in the annual-mear2 m air temperaturebias with respectto the CRU climatology (Fig. 2).
Although the annual-means fairly representatie of the full seasonakycle, warm biasesdo
appeain someseason specificregions.Suchbiasesareapparentfor example,in borealwinter
over centraland northwesterrNorth America, andin borealsummerover the southernUnited

States (Fig. 3). The latter bias corresponds to a mean temperature of 303 K or 30°C.

Figure4 displaysthe annualandzonal-mearzonalwindsfrom AM2/LM2, NCEPreanal-
ysis,andthedifference As for temperaturethelargestwind errorsareconcentrateth thetop lev-
els of the model. Typical error amplitudesthroughoutthe seasonatycle are 1-2 m s! in the
troposphereand5-10m s? in the stratosphereBiasesthat persistthroughoutthe seasonatycle
includeawesterlybiasin thetropicalmiddletropospherendatendenyg for the extratropicaljets
to have 1-2 m s? errorsthatarewesterlynear40’ latitudeandeasterlynear60-80° latitude. These

dipolar error patternscorrespondo negative annularmodetype signaturesn eachhemisphere
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(Thompson and Wllace 1998, Thompson andaWfce 2000).

Figure4 suggestannulamodetypeerrorscontinueto surface.Figure5 displaysthelong-
termannual-andzonal-meanzonalwind stressover the oceanfor AM2/LM2 andthreeobsena-
tional baseddatasetgseecaptionfor details).Although the spreadis large amongthe obsena-
tional datasetsrobust biasesare apparent:the AM2/LM2 surface wind stressamplitude is
approximately30%too largein the subtropicsandthe extratropicalpatterndisplaysdistinctly the

annularmode type equatomvd shift, particularly in the Northern Hemisphere.

Figure 6 illustratesthe long-term mean Northern HemisphereDJF sealevel pressure
(SLP) for AM2/LM2, the NCEP reanalysis,and the difference.The equatorvard shift of the
NorthernHemispheresurfacecirculationevidentin the annual-meamwind stress(Fig. 5) corre-
spondgo abiastowardstrongetthanobsered SLP gradientsequatorvardof 60°N, particularlyin
the North Atlantic. Otherbiasesncludea slightly strongerthanobsenred Icelandicand Aleutian
lows, anda high pressuréiasof 8 to 10 hPa over the EasterrHemispheréArctic. This error pat-
ternis accompaniethy anomalougasterliesn northwestRussiawhich appeathroughtempera-
ture adwection by the meanflow, to contrikute to the enhanceaold biasin thatregion (Fig. 2).
Thistemperaturadwectionsignal,the Arctic high-pressurbiasandthelow pressurerrorpattern
at lower latitudesare also signaturesof annularmodetype anomalies Thompsonand Wallace
2000;section3b4 andFig. 17). Note thatthis biaspatternis commonto mary models(Fig. 2 of

Walsh et al. 2002).

Figure7 displaysthedeparturdrom zonalmeanof the 500hPa DJFgeopotentiaheight,a
usefulmetric of the model’s ability to producea realistic planetarywave pattern.Typical errors

areon the orderof 20 m, with the mostprominenterrorsbeingananomalouslystrongridge cen-
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tered over the North American Pacific coastand a wealer than obsenred negative-to-positve
dipole over the Hudson-Bay-to-North-Atlantisector Consistentvith thelattererror, the 200hPa
zonalwind over the North Atlantic displaysa jet axisthathasinsufficient southwest-northeastt

(not shavn).

2) PRECIPITATION, RADIATION, CLOUDS, AND WATER VAPOR

Figure 8 comparesthe annualmean climatological precipitationfor the model to the
obsenationalclimatologyof Xie andArkin (1997),alsoknown asCMAP. Althoughthe correla-
tion coeficientis high, 0.9, the root meansquareerror, 0.85mm d*, is about40% of the spatial
standarddeviation of thefield, 2 mm d*. Themostprominenterrorsaredeficitsof precipitationto
the westof the Maritime continent,in the Southandtropical Atlantic corvergencezonesandin
the easternPacific ITCZ. Precipitationexcessesoccur in tropical Africa, the westernindian
oceanandthe northwestropical Pacific oceansin the annualmean therearefaint signatureof
a doubleITCZ marked by excessie precipitationnear5°S in the easternPacific and Atlantic.
Although this error is larger during the March-April-May seasonwe highlight it herebecause

coupled ocean-atmosphere models using AM2/Lit#let a much more sere double ITCZ.

AM2/LM2 simulategoo muchsummertimegprecipitationin Siberia,Alaska,andNorthern
Canadawith the modelproducingdoublethe CMAP precipitation.The positive biasin summer-
time high latitudeprecipitationis alsopresenin theannualmeanandis commonto mary models
(Fig. 13 of Walshet al. 2002).However, on an annualmeanbasistheredoesnot appearto be a
biasin precipitationminusevaporationputflows from riversfeedingthe Arctic oceararenot sys-
tematicallyoverestimatednot shavn). The globalmeanprecipitationis ~0.15mmd* higherthan

the CMAP mean of 2.68 mm'dTable 3).
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Figures9 and10 comparehe long-termannualmeanoutgoinglongwave radiation(OLR)
and net shortwave absorbed SWAbs) from AM2/LM2 to the ERBE obsenations.Root mean
squareerrorsareabout8 W m2 for OLR and13 W m2 for SWADbs. Over thetropical oceansthe
error patterns particularly for OLR, resembleghoseof the precipitationerrors,suggestinghat
improvementsin the simulationof precipitationwould be accompaniedy improvementsin the
radiationfields. An interestingexceptionto this is that OLR is overestimatedver tropical land
areaswherethereis not a systematiainderestimatef precipitation(e.g.tropical Africa). For the
shortwave radiation budget, the most prominenterror is the overestimationof SWAbs in the
coastakzonesof the easterrsubtropicalboceansAlthoughthe modelis effective in creatingstrato-
cumulusclouds further offshore, there is a severe deficit of coastalstratocumulusThis may
reflectthe factthatnot enoughcarehasbeentakenwith the representationf entrainmentacross
the stronginversionsat the top of the boundarylayer (Lock 2001).Away from the coastsjn the
tradecumulusregionsof thesubtropicsthereis anoverestimatiorof thereflectedshortwave. This
may partly indicatethat the erosionconstantin the presencef corvectionis too small (section
2b3)and/orthatthe useof randomcloud overlapassumptions poorfor theseregions.Altogether
the patternof “dim-stratocumulus-bright-trade$s endemicto atmospherienodels(Siebesmaet

al. 2004).

In the extratropics,a prominentoverestimateof SWADbs of about10-20W m2 occursat
nearlyall longitudesof the southerroceanatabout60°S.Theerroroccursin theopenocearareas
adjacento the seaice maigin andhasleadto anomalouslywarm SSTsin a coupledmodelbuilt
with AM2/LM2. Throughcomparisorto datafrom the InternationalSatelliteCloud Climatology
Project(ISCCR Rossev and Schiffer 1999),this error appeardo be dueto an underestimatef

midlevel topped clouds.
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Althoughthe models radiationhasbeentunedto resemblehe top of atmospher€TOA)
radiationbudget,the surfaceradiationbudgetis someavhatindependentBoth the estimate®f the
Global Enegy andWaterExperiment{GEWEX) (Stackhouset al. 2004)andthe Goddardinsti-
tutefor SpaceStudieg(GISS)(Zhangetal. 2003)indicatethatthe shortwave absorbedat the sur-
faceis about5 W m? too low (Table 3). Thelow biasin netshortwave absorbedesultsfrom the
excessshortwave cloud forcing, which is the differencebetweenclear sky and all-sky or total
shortwave fluxes.From earlierintegrationsof AM2/LM2 without the specifiedthreedimensional
monthly climatology of aerosolsthe SWAbs at the SFCis reducedoy 5 W m?2 while the long-
wave cooling of the surfaceis reducedoy lessthan1l W m2 dueto the presencef aerosolsWith
regard to the surfacelongwave budget,it appearghat AM2/LM2 overestimateghe longwave

cooling by about 10 W rj) although under clear skies there is less bias.

With regard to the turbulent surfacefluxes,the model overestimateshe Kiehl and Tren-
berth (1997)estimateof evaporationby about5 W m? andunderestimatethe sensibleheatflux
by a similar amount.Note that the sumof the Kiehl and Trenberth(1997)turbulent heatfluxes,
102W m?, is lower thanthe eitherthe GEWEX or GISS estimatef the surfacenetradiation,
aboutl15W m?, by 10to 15W m2. Giventhe significantremaininguncertaintiesn the surface
enepgy budget,the biasesin the models global meanturbulent heatfluxes are not well defined.
Indeedthe model’s valueslie within the rangeof obsenational estimatesquotedin Table 1 of

Kiehl and Tenberth (1997).

Figure 11 comparesAM2/LM2’ s annualmeantotal cloud amountto the satellitesesti-
matesf ISCCP Thedatausedis the D2 adjustednonthlymeantotal cloudamountg§Rossav and

Schiffer 1999). (A more thoroughcomparisonof AM2/LM2 cloudsto ISCCP data using an
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‘ISCCP Simulator’ (Klein andJalob 1999,Webbetal. 2001)will bereportedelsavhere). AM2/
LM2 doesnot produceenoughcloudsover oceansbetween20’° and40° latitude, particularlyin
thecoastaktratocumuluzone.Quantitatvely, themodelhasaroot-mearsquaresrrorof 0.1rela-
tive to both ISCCP and the surface obserer climatology of Warrenet al. (1986, 1988) (not
shawn). The globally averagedcloud cover of AM2/LM2 of 0.66lies in betweenthe ISCCPD2
valueof 0.69andthe surfaceobseners’ valueof 0.62. Anothernoticeablegproblemof themodelis
the excessve wintertime cloudinessin northernEurasiaand North America; surface obsenrers
indicateabout0.5 cloud cover in theseregionswhereasAM2/LM2 hascloud cover in excessof
0.8. Much of this differenceoccursin low cloudinessvherethe modelhasover 0.7 low cloudi-
nessbut the suriaceobsenrersreportlow cloudinessunder0.3 (not shavn). Averagedover the
oceans AM2/LM2’ s liquid water path of 77 g m? is comparableto the two satellite estimates
(Table3) (Greenvald etal. 1993;Wengetal. 1997);however, thisis achiezed by anexcessof lig-
uid waterpathover midlatitudestormtracksanda deficit over tropicalandsubtropicalbceangnot
shavn). The models simulationof ice waterpathcannotbe assessedueto the lack of areliable

obsenational product with global eserage.

At the top of atmospherethe magnitudeof the global and annualaveragedshortwave
cloudforcingis overestimatedby about5 W m2 but thelongwave cloudforcingis underestimated
by about5 W m? (Table3). Becausehetotal OLR hasbeentunedto matchERBE obsenrations,
the underestimatef the longwave cloud forcing indicatesa similar significanterrorin the clear
sky OLR. Although the clearsky samplingbias may contribute a few W m to this difference
(HartmannandDoelling 1991),the model’s clearsky OLR is probablytoo low for two reasons.
First, thetropospherénasa cold biasrelative to re-analyseg¢Fig. 1). Secondasshawn in Figure

12, themodelhasa moistbiasin the uppertroposphereén comparisorto estimateof uppertrop-
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ospheric(~ 200-500 hPa) relative humidities from the TIROS OperationalVertical Sounder
(TOVS) (Sodenand Bretherton1993). This moist biasis in excessof that dueto the clearsky
samplingbias of the obsenations. This moist bias deducedfrom satellite obsenationsis con-
firmed by both ECMWF and NCEP reanalysesvhich indicatea moist biasin both relatve and
absolutehumidity in the middle tropical troposphergnot shovn). The models column water
vapor (Table 3), a measuregrimarily of lower tropospheriovatervapor is slightly low, partially

reflecting the moded’ cold bias.

b. Model variability

1) TROPICAL PRECIPIRTION PATTERN ASSOCIATED WITH ENSO

The El Nifio/SouthernOscillation (ENSO)is one of the mostimportantcontritutors to
atmospheriwariability oninterannuatime scalesThe ENSOrelatedtropical precipitationanom-
aliesrepresenaredistritution of diabaticheatsourcesandsinksthatstronglyinfluencethe global
atmosphericirculation. Theresponsef AM2/LM2 to the prescribecENSO-relatedsSTanoma-
liesaredepictedn Figurel3, which shavs thedistribution of regressiorcoeficientsof precipita-
tion rateon the standardizedNINO3 index. The NINO3 index is definedasthe areallyaveraged
SSTanomalyin theregion 5°S-5°N,150"W-90°W, andis acommonlyusedindicatorof theampli-
tudeandpolarity of ENSOevents.Thesecoeficientshave beenmultiplied by onestandardievia-
tion of the NINO3 index; thusthey representypical precipitationanomalieshat accompan a
onestandardieviationincreasen the NINO3 index. Theupperpanelof Figure13is basednthe
ensembleverageof the 10 AM2/LM2 runsfor the DJF seasonn the 1951-2000period(section
2d),andthelower panelis computedusingGlobal PrecipitationClimatologyProject(GPCP)data

(Huffman et al. 1997) for 1979-2000.
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The simulatedprecipitationsignalsduring ENSO are generallyin good agreementvith
the obsenations,asinferredfrom the GPCPdatasetindfrom stationmeasurementdopelavski
andHalpert1987).Both panelsof Figure13indicatethatwarm ENSOeventsareassociatedvith
positive precipitationanomaliesacrossmuch of the equatorialPacific, and negative anomalies
over equatorialSouthAmericaandthe neighboringAtlantic waters,aswell asthe northwestern
and southwesterrsubtropicalPacific. One discrepang betweenmodel and obsenation is seen
along the equatorover the easternindonesianArchipelago.The GPCP patternshavs negative
rainfall anomaliesn thatregion duringwarm events,whereaghe modelresultportraysnearnor-

mal conditions.

2) EXTRATROPICAL TELECONNECTIONSTO ENSO

The impactof ENSO-related5STanomalieon the extratropicalcirculationis illustrated
in Figure 14, which displaysthe regressioncoeficients of 200 hPa heighton the standardized
NINO3 SSTindex for the DJF seasonThesechartshave beenconstructedisingNCEPreanalysis
data(lower panels)andthe ensemblewverageof the 10 AM2/LM2 integrations(upperpanels)in
analogywith Figure 13, the regressionstatisticsin Figure 14 portraythe typical 200 hPa height
anomaliesn responsdo a one-standardeviation SSTforcing from the tropical Pacific. Similar
chartshave beenpresentedy Horel and Wallace (1981),amongmary others,to illustrate the
relationship between ENSO and tharatropical flav pattern.

The comparisorbetweenthe upperand lower panelsin this figure revealsconsiderable
spatialsimilarities betweenthe simulatedand obsened wavetrainsemanatingirom the NINO3
region to the easterriNorth Pacific/North Americansectorandthe SouthernOceansThe overall

resemblancdetweenthe teleconnectiorpatternsderived from the model outputandre-analysis
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datais attributableto the realisticsimulationof the tropical precipitationforcing associatedavith
ENSO(Fig. 13). A noticeableerroris thatAM2/LM2 underestimatethe magnitudeof the model
anomaly eer Canada.

The capabilityof the modelto reproducethe NorthernHemispherecirculationanomalies
obseredin individual El Nifio andLa Nifia eventsis now examined.For eachof the prominent
warm andcold eventsin the 1951-2000period (e.g.,seelisting in Trenberth1997),the anomaly
patternsof DJF200hPaheightwerecomputedisingthe NCEPreanalysisandtheensemblenean
of the 10 modelintegrations.The spatialcorrelationcoeficient, root meansquare(rms) differ-
ence andratio betweerthe spatialvarianceof themodelandobsenedfieldsin the North Pacific/
North Americansector(20°-70°N,60°-180°W)aredisplayedusinga ‘Taylor’ diagram(Gateset
al. 1999and Taylor 2001)in Figure 15. In this diagram,eacheventis indicatedby a dot anda
labelcorrespondingo thelasttwo digits of theyear;for instancethe statisticsfor the 1982/83El
Nifio eventareindicatedusingthelabel‘82’. The spatialcorrelationcoeficient betweerthe sim-
ulatedandobsenedanomaliegs atthe 0.5 level or greaterfor four (1969,1982,1991and1997)
outof theeightwarmevents,andall sevencold events.While the spatialvarianceof theensemble
meanmodelpatternis noticeablylower thanthatof theobsenations,inspectionof the Taylor dia-
gramfor thetenindividual memberof the ensemblénot shavn) revealsthatthe spatialvariance
of thesememberss in betteragreementvith the obsenations.The Taylor diagramfor individual
sampledurtherillustratesthat, for thoseeventswith high spatialcorrelationbetweerthe ensem-
ble-meanand obsenations(e.g. 1982 and 1997), the agreemenbetweenmary model samples

and the obseations is also high.
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3) ENSO- MONSOONRELATIONSHIPS

Ample obsenrational and model evidenceexists for the impactof ENSO on the Asian-
Australian monsoonsg.g., seethe brief review of pertinentstudiesby Lau and Nath (2000).
Warm ENSO episodesare generallyaccompaniedby belov normalprecipitationduring the wet
summemonsoongver the Indian subcontinen{IND) andnorthernAustralia(AUS). Addition-
ally, the dry winter monsoonover southeasAsia (SEA) wealensin El Nifio eventsresultingin
above averagerainfall amounts.The polarity of theseanomaliestendsto reverseduring cold
events.

The simulationof theseENSO-monsoomelationshipsy AM2/LM2 hasbeenevaluated
by examiningthe model’s 10-membeensembleneanprecipitationanomaliesn the abore-men-
tionedregionsfor eachmonsoonseasorin the 1951-2000period. The relationshipbetweenthe
models precipitationanomaliesn thesemonsoorregionsandthe NINO3 SSTanomaliess illus-
tratedin the upperpanelsof Figure 16. The simulatedprecipitationanomaliesn IND and AUS
during the local summerseasorare negatively correlatedwith NINO3 SST anomaliesandthe
wintertimerainfall in SEA exhibits a positive correlationwith the ENSO forcing. Many of the
outstandingeNSO episodegcolored dots and squares)re accompaniedy notablesimulated
rainfall perturbationssimulatedin the regions consideredThe correlationcoeficients between
monsoorprecipitationamountsn the AM2/LM2 modelrunsandthe NINO3 index, asindicated
in the upperright cornerof individual panelsmay be comparedvith thosededucedrom GPCP
obsenationalestimateglower panelsof Fig. 16). The noticeablywealer correlationdbetweerthe
obsered Indian rainfall and the NINO3 index (lower left panel)reflect the much diminished
Indian monsoon- ENSO relationshipsduring the recentdecadesoveredby the GPCPdataset

(Kumaretal. 1999).The correlationcoeficientsbetweerthe obseredrainfall anomaliesandthe
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NINO3 index for the outstandingENSO episodegshovn above the lower panelswithout paren-

thesis) are based on onlydiesents, and are hence subject to considerable sampling fluctuations.

4) NORTHERN ANNULAR MODE

Apart from ENSO, the dominantpatternof interannualclimate variability is associated
with the annularmodesof the extratropicalatmosphericirculationfield. Shavn in Figurel17 are
distributions of sealevel pressurg SLP) and surfacetemperatureanomaliesassociatedvith the
NorthernAnnularMode (NAM, alsoreferredto asthe Arctic Oscillation;seeThompsorandWal-
lace(1998,2000))for the obsenationsandAM2/LM2. The NAM is definedasthefirst empirical
orthogonafunction(EOF)of sealevel pressur@verthedomainfrom 20°Nto 90°N. Thecontours
indicatethe sealevel pressurechangesassociatedvith a 1 hPa increaseof a NAM index. The
NAM index is definedasthe differencein sealevel pressurébetweerthe Arctic andmidlatitude
extremaof the EOF patternmultiplied by the EOFtime seriestherebygiving anindex with units

of hPa.

Themodelhasa highly realisticsimulationof the spatialpatternof the NAM. Thecolor
shadingindicatesthe nearsurfaceair temperature@anomaliesassociateavith a 1 hPaincreasen
theNAM index. TheAM2/LM2 NAM patternshavn is themeanof NAM patternscomputedsep-
aratelyfor eachof the 10 ensemblanembersntegratedwith obsened SSTsfrom 1951to 2000.
Examinationof the NAM patternfrom eachof the 10 membersf theensembleevealsrelatively
small intra-ensemblevariationsin the spatialpatternof the NAM. Consistentwith the obsena-
tions,a positive phaseof the simulatedNAM is associatedavith a quadrupoldield of temperature
anomalieswarm anomaliesover southeasteriNorth AmericaandnorthernEurasiaand negative

anomaliesover northeasterrNorth America and northernAfrica throughthe Middle East.The
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primary discrepang betweenthe simulatedand obsened temperatureanomaliesoccursover
northwesternNorth America, with larger negative temperatureanomaliesin AM2/LM2 than

obsered. This is consistent with NortheastcRic SLP gradients that are stronger than oleserv

5) TROPICAL TRANSIENT ACTIVITY

Transientactvity in the tropicsis evaluatedby examinationof 2 phenomenatropical

cyclones and the Madden-Julian Oscillation (MJO, Madden and Julian 1972).

Tropicalcyclonesin AM2/LM2 aredetectedisingthealgorithmof Vitart etal. (1997)and
comparedo the NationalClimate DataCenters globaltropical cyclonedataset(Neumanret al.
1999). Figure 18 displays genesislocation frequenciesfor the years 1979-1995.AM2/LM2
underestimatethe numberof stormsquite significantly particularlyin the North Atlantic andthe
EasternPacific, where no stormsoccur The seasonakycle in the Northern Hemisphere(not
shawvn) is alsoquite poor, with the modellaggingobsenationsby several months.Overall AM2/
LM2’s simulationof tropical cyclonesis inferior to that of someothermodels(Bengtssoret al.

1995; Mtart and Stockdale 2001).

An assessmemtf the MJO is madeby examiningthe structureandbehaiour of intrase-
asonablariability (ISV), definedhereasvariability with timescalebetweer30 and90 days.Fig-
ure 19 displaysthe wave frequeng spectrawith the annualcycle removed, for deviationsof the
200 hPa zonalwind from its zonalmean.Pentaddatafrom JanuarythroughDecemberaveraged
betweerb’Sand5°N, from 1979through1995wereusedto computespectrefor eachyear These
spectraverethenaveragedoverthe 17 yearsandsmoothedurtherby the applicationof a 3-point

Hanningwindow. A broadpeakin theintraseasonalangeis evidentin the spectrafor the NCEP
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reanalyseswith the obsened maximaprimarily in the 40 to 60 day range.AM2/LM2 shows
wealer peaksin the vicinity of 35 and50 dayswith additionalpower at periodsaround90 days,
implying a someavhat slower propagtion speed.In addition,a strongerpreferencedor eastvard
propagtionis seenin the NCEPreanalyseshanin AM2/LM2. MJO structureand propagtion
characteristicanay be studied by applying extendedempirical orthogonalfunction analysis
(EEOF)to precipitationin theregion 30°S- 30°N and30°E - 90°W. To focuson MJO timescales
the datais band-passe(B0 to 90 day) andthe EEOFanalysisis performedusinglagsfrom -7 to
+7 pentadg(-35 to + 35 days).CompositeMJO life cycles are obtainedby using peaksin the
EEOFmode-1time seriesto identify centersof events.Theneacheventis takento be-7 pentads
to +7 pentadselative to thesemid-pointsandall thusidentifiedeventsareaveragedogetherFig-
ure 20 shavs a comparisonof MJO compositelife cycles,during Novemberto April, from the
AM2/LM2 on the left and the CMAP obsened precipitationon the right. The monthsfrom
Novemberto April wereselectecasthe MJO is mostactive then.Eachpanelin thefigure repre-
sentsan averageof 3 adjacentime lags.The CMAP obsenationsdisplaycoherenintraseasonal
activity in the centraland easternindian Oceanwhich propagteseastvard acrossthe maritime
continentinto the westernPacific. (The greendashedinesin Figure 20 indicatethe propagtion
of theanomaliesAM2/LM2 shaws wealer, lesscoherentctivity with perhapsomeslower east-
ward propagtion from the maritimecontinentinto the westernPacific. (Note thatthe AM2/LM2
anomalieshave beenmultiplied by 2 for displayin Figure20) AM2/LM2 is particularlydeficient
in the Indian Oceansouthof the Bay of Bengal whencomparedo CMAP. Waliseret al. 2003,
indicatethatthis is a commondeficieny of large-scalenodels.Overall, AM2/LM2’ s simulation

of the MJO is &irly poor
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4. Comparison of AM2/LM 2 climatology to other models

It is of generalinterestto comparethe capabilityof AM2/LM2 to reproduceobsenedcli-
matewith thatof othermodels.To do so, Taylor diagramgseelegendof Figure15 for a detailed
explanationof thesediagramshave beencalculatedor eightvariablesusingAM2/LM2, two pre-
vious GFDL models,andfour non-GFDLmodels(Fig. 21). Thefirst row of Figure21 displays
variablesassociateavith surfaceclimate,includingborealwinter ocean-only\SLP, borealsummer
NorthernHemispherdand-onlysurfaceair temperaturesgndannualmeanocean-onlyzonalwind
stressThesecondow displaysvariableselatedto hydrology:annualmeantropical precipitation,
shortwave cloudforcing, andtotal cloudamount.The lastrow displaysvariablesrelatedto upper
troposphericirculation:theborealwinter 200 hPa eddygeopotentiain the NorthernHemisphere
and the 200 hézonal wind.

The previous GFDL modelsincludethe GFDL climatemodelrecodednto FMS software
which is known locally asthe ManabeClimate Model (MCM) (Delworth et al. 2002) and the
modeldevelopedby the GFDL's former experimentalpredictiongroup(DERF) (SternandMiya-
kodal1995).Thedatafrom modelsoutsideof GFDL wereacquiredrom thearchive maintainecht
the PCMDI andrepresentsheir official submissiorto AMIP II. The outsidemodelsincludethe
CCM3.5 of the National Centerfor AtmosphericResearchECHAM4 of the Max PlancklInsti-
tute, the ECMWF model CY18R5, and HadAMS3 from the United Kingdom’s Meteorological
Office. The experimentaldataproducedby the non-GFDL modelswere submittedto PCMDI in
either1998or 1999 (seehttp://mww-pcmdi.linl.ga/amip/STATUS/incoming.htmifor documen-

tation).
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Broadly speaking,Figure 21 indicatesthat AM2/LM2 producesa model climate better
thanthoseof the previous GFDL models.The quality of AM2/LM2’ s climateis comparabldo
thatproducedoy thenon-GFDLmodels.In somevariables(SLPE, wind stress200hPa circulation
and precipitation),the AM2/LM2 modelis at the front rank, but for shortwave cloud forcing
AM2/LM2 is slightly worse.It is importantto statethreecaveatsof this modelcomparisonthese
Taylor diagramscompareonly modelclimatologieswith no resultsshavn for differentaspect®of
modelvariability; the performanceof non-GFDL modelsmay have improvedin the yearssince
their submissiorof datato AMIP |I; andthe Taylor diagramsarebasedn large scalepatternsand

do not assess importangrenal biases.

5. Futurework

A new global atmosphereandland model AM2/LM2 developedat GFDL hasbeenpre-
sentedand the model evaluatedusing simulationsin which the modelis forced with obsened
SSTsandseaice. In this final section,the suitability of AM2/LM2 for couplingwith an ocean

model and future plans for global atmosphere and land modeling at GFDL are discussed.

An importantgoal for this work is to coupleAM2/LM2 to an oceanmodelwithout flux
adjustmentsThis hasbeenaccomplishecand will be reportedelsavhere.Here, a preliminary
indicationof the ability of AM2/LM2 to couplewith anoceanmodelis givenby estimate®f the
implied polewvard oceanicheattransportfor the Atlantic, Indo-Racific, and world oceanbasins
(Fig. 22). For comparisonobsenation basedestimatesof oceanicheattransportderived from
atmospheriaata(Trenberthand Caron2001) and oceanicdata(Ganachaudnd Wunsch2003)

arealsoshavn. AM2/LM2’ s implied oceanicheattransportis in reasonablegreementith the
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obseredestimatesn the Atlantic basin,althoughit is typically nearthelow endof theconfidence
intenalsreportedor theobseredestimatesandin afew casessuchasthe Ganachau@ndWun-
schestimategor 24°N and19°S,the modellies outsidethe confidencentervals on the low side.
In the North Atlantic, AM2/LM2’ s simulationof about1 petavatt (10*> W) at 10°N-30°Nrepre-
sentsa significantimprovementover that implied by the atmosphericcomponentof the older
GFDL R30 climate model (Delworth et al. 2002), which had too small implied polevard heat
transport(0.7 petavattsat 15°N, not shavn). In the Indo-Pacific basin,the modelsimplied oce-
anic heattransporthasa positive biasrelative to both setsof obsened estimatesand exceeds
Trenberthand Carons 1 standarderror limit over all latitudes.This positive biasfor the Indo-
Pacific is reflectedin a similar but lesspronouncediasfor the world oceanbasin.Theseresults
indicatethatin the North Pacific AM2/LM2 removesheatfrom the oceanat a greaterratethanis
supportedoy eithersetof obsenations.This differencefrom obsenrationslikely contritutesto a
large cold biasin the North Pacific whenAM2/LM2 is coupledto an oceanmodel(detailsto be

reported elsghere).

The developmentof the next versionof the atmospherienodel, AM3, is well underway
with a numberof changedeingexploredandevaluatedthroughthe modeldevelopmentprocess.

These include:

* Replacementf the B-grid dynamicalcorewith a finite volume dynamicalcore (Lin
2004).

* Replacemenvf RAS with a corvectionschemewhich includesrepresentationsf ver-
tical velocitiesandmicroptysicsin cumulusupdraftsanddowndrafts,andparameter-

ized mesoscale circulations (Donner et al. 2001).
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* Replacemendf randomcloud overlapwith by a resolutioninvariantoverlapscheme.
This will be accomplishedy a stochasticdreatmentof clouds (Pincuset al. 2003).
Also underconsideratiornis the replacemenbf the prognosticcloud fraction scheme
(Tiedtke 1993)with a statisticalcloud schemewith prognostichigherordermoments
similar to Tompkins (2002).

» Addition of morevertical levels at the top of the modelto bettersimulatethe strato-
sphereandits couplingwith the troposphereConsiderationis beinggivento a new
anisotropicorographicgravity wave schemgGarner2003)andto a convectively gen-
erated graity wave scheme (Abeander and Durdeton 1999).

» Addition of prognosticchemistryandaerosoimodulesbasedon the chemistryscheme
developed for use in the MOZAR2 chemical transport model (Hovidz et al. 2003).

* Replacemendf LM2 with anew dynamiclandsurfacemodelwith carbonandvegeta-
tion dynamics.This nev land model,LM3, includesthe variousprocesseshatdeter-
mine the amountof carbonstoredin the soil and the vegetation. Theseprocesses
includechangesn CQO, concentrationandotherernvironmentalfactors naturaldistur-
bancege.g.fire), andanthropogenitanduse(e.g.deforestatiormndagriculturalcrop-

land abandonment).
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Table captions

Table 1. Brief description of AM2/LM2 components.

Table2. Coeficientsa, andby for calculationof interfacelevel values.The coeficientsareused
in the Simmons-Burridgg1981)formulap = a, + b * ps, wherep is pressureandpg is surface

pressureThe pressurep andgeopotentiaheightsz of interfacelevelsusinga scaleheightof 7.5

km andpg = 1013.25 hR are also shvn.

Table 3. Selectedylobal annualmeanradiationbudgetand hydrologic quantities.Obsenational
datasourcesare ERBE: Harrisonet al. (1990); GEWEX: Stackhouset al. (2004); GISS: Zhang
etal. (2003);KT: Kiehl andTrenberth(1997);NVAP: Randeletal. (1996),GR: Greenvald et al.
(1993); WG: Weng et al. (1997); ISCCP: Rossav and Schiffer (1999); SFC: Warren et al.

(1986,1988); CMAP: Xie and Arkin (1997); GPCP: koén et al. (1997).
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Component Description
Dynamics B-grid model, 2.5° longitude by 2.0° latitude
24 \ertical levels with the dective model top at about 40 km
Radiation Diurnal g/cle with full radiation calculationvery 3 hours
Effects of HO, CQ, O,, O,, N,O, CH,, and 4 halocarbons included
Longwave: Simplified Exchange Approximation (Schwkopf and Ramasamy
1999)
Clough et al. (1992) CKD 2.1, continuum parameterization
Shortwave: Exponential Sum Fit with 18 bands (Freidenreich and Raaragw
1999)
Liquid cloud radiatre properties from Slingo (1989)
Ice cloud radiatie properties from Fu and Liou (1993)
Aerosols: Prescribed monthly three-dimensional climatology from chemical
transport models
Species represented include atéf lydrophilic and lydrophobic car-
bon, dust, and sea salt
Clouds 3 prognostic tracers: cloud liquid, cloud ice, and cloud fraction

Cloud microplysics from Rotstayn (1997)

Cloud macropissics from Tedtke (1993)

Table 1. Brief description of AM2/LM2 components.
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Component Description

Convection Relaxed Arakava Schubert (Moorthi and Suarez 1992)
Detrainmenof cloudliquid, ice andfractionfrom corvective updrafts
into stratiform clouds
A lower bound imposed on lateral entrainment rates for deef@con
tive updrafts (dkioka et al. 1988)
Cornvectve momentum transport represented éstigal difusion pro-

portional to the cumulus mass flux

Vertical diffusion Surface and stratocumulus a@ttive layers represented by a K-pro-
file scheme with prescribed entrainment rates (Lock et al. 2000)
Surface flues from Monin-Obkhov similarity theory
Gustinesenhancemerb wind speediusedin surfaceflux calculations
(Beljaars 1995)
Enhanced neasurface mixing in stable conditions

Orographic roughnessfetts included
Gravity Wave Drag  Orographic drag from Stern and Pierrehumbert (1988)

Land M odel Isothermal sudce (soil-snav-vegetation)
3 water stores: smwg root zone and groundater
18 soil-temperature Vels to 6 m total depth
Stomatal control ofvapotranspiration
Latent heat storage in soil

Surface parameters dependent on 8 soil anehy8tation types

Table 1 (cont.). Brief description of AM2/LM2 components.

55



GFDL GAMDT

k &y (Pa) by p (hPa) z (km)
1 0 0 0 -

2 903.45 0 9 35.40
3 3474.8 0 35 25.30
4 7505.6 0 75 19.52
5 12787 0 128 15.52
6 19111 0 191 12.51
7 21855 0.043568 263 10.12
8 22884 0.11023 341 8.18
9 22776 0.19223 423 6.56
10 21716 0.28177 503 5.26
11 20073 0.36950 575 4.25
12 18110 0.45324 640 3.44
13 16005 0.53163 699 2.79
14 13878 0.60387 751 2.25
15 11813 0.66956 797 1.80
16 9865.9 0.72852 837 1.43
17 8074.0 0.78080 872 1.13
18 6458.1 0.82660 902 0.87
19 5028.0 0.86621 928 0.66
20 3784.6 0.90004 950 0.48
21 2722.0 0.92854 968 0.34
22 1829.0 0.95221 983 0.23
23 1090.2 0.97163 995 0.13
24 487.56 0.98735 1005 0.06
25 0 1 1013 0

Table 2. Coeficientsa, andby for calculationof interfacelevel values.The coeficientsareused
in the Simmons-Burridgg1981)formulap = a, + b * ps, wherep is pressureandpg is surface

pressureThe pressurep andgeopotentiaheightsz of interfacelevelsusinga scaleheightof 7.5
km andpg = 1013.25 hR are also shvn.
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Measure Source Obsenation AM2/LM2

Top of Atmosphere Radiation Budget (W n?)

Shortwave absorbed ERBE 240.2 235.7
Outgoing longwave radiation ERBE 235.3 235.3
Clearsky shortwave absorbed ERBE 288.4 289.1
Clearsky outgoing longwave radiation ERBE 264.8 260.0
Shortwave cloud forcing ERBE -48.2 -53.4
Longwave cloud forcing ERBE 29.5 24.7
Surface Energy Budget (W nr?)
Shortwave absorbed GEWEX/GISS 164.6/165.2 159.8
Net longvave GEWEX/GISS -47.1/-50.9 -57.8
Clearsky shortwave absorbed GEWEX/GISS 214.7/218.4 216.9
Clearsky dowvnward longvave GEWEX/GISS 309.6/313.5 313.9
Shortwave cloud forcing GEWEX/GISS -50.1/-53.3 -57.2
Longwave davn cloud forcing GEWEX/GISS 35.6/31.1 24.5
Sensible heat flux KT 24 18.7
Latent heat flux KT 78 82.2

Hydrologic Quantities

Column intgrated vater \apor (kg n¥) NVAP 24.5 23.4
Columnintegratedoceaniccloudliquid (g m?) GR/WG 76.2/63.4 77.1
Column intgrated cloud ice (g #) - - 37.6
Total cloud amount (fraction) ISCCP/SFC  0.69/0.62 0.66
Surface Precipitation (mnril CMAP/GPCP  2.68/2.65 2.84

Table 3. Selectedglobal annualmeanradiationbudgetand hydrologic quantities.Obsenational
datasourcesare ERBE: Harrisonet al. (1990); GEWEX: Stackhouset al. (2004); GISS:Zhang
etal. (2003);KT: Kiehl andTrenberth(1997);NVAP: Randeletal. (1996),GR: Greenvald et al.
(1993); WG: Weng et al. (1997); ISCCP: Rossav and Schiffer (1999); SFC: Warren et al.
(1986,1988); CMAP: Xie and Arkin (1997); GPCP: Huén et al. (1997).
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Figure captions

Figure 1. Long-term annual and zonal mean temperature difference between NCEP/NCAR rean-

alysis climatology and AM2/LM2 (AM2/LM2 minus NCEP). Contour interval is0.5 K.

Figure 2. Long-term annual mean 2 m temperature difference between CRU climatology and

AM2/LM2 (AM2/LM2 minus CRU). Contour interval is2 K.

Figure 3. Long-term mean 2 m temperature difference for North America between CRU climatol -
ogy and AM2/LM2 (AM2/LM2 minus CRU) for a) December-January-February (DJF) and b)

June-July-August (JJA). Contour interval is2 K.

Figure 4. Long-term annual and zonal mean zonal wind in m s? for (a) NCEP/NCAR reanalysis,
(b) AM2/LM2, and (c) AM2/LM2 minus NCEP. Contour interval is5m s?in (a) and (b) and 1 m

stin(c).

Figure 5. Long-term annual and zonal mean zonal wind stress in Pa over the ocean for the ship-
based climatology of COADS (blue) (daSilva et a. 1994; Woodruff et al. 1987), ECMWF reanal -
ysis (red) (Gibson et a. 1997), the ERS satellite scatterometer (green) (CERSAT-IFREMER
2002), and AM2/LM2 (black). The sign convention is such that a positive stress indicates an east-

erly stress on the atmosphere and a westerly stress on the ocean.

Figure 6. Long-term Northern Hemisphere DJF mean SLP minus 1013.25 hPafor (a) AM2/LM?2,
(b) NCEP/NCAR reanaysis, and (c) AM2/LM2 minus NCEP. Contour interval is 3 hPa for (a)
and (b) and 1 hPafor (c); the zero contour is not plotted in (c). Note that regions with mean sur-

face pressure below 950 hPa have been masked.
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Figure7. Long-termDJF meandepartureof 500 hPa geopotentiaheightfrom its zonalmeanfor
(a) AM2/LM2, (b) NCEP/NCARreanalysisclimatology and(c) AM2/LM2 minusNCER Con-
tourinterval is 25 m in (a) and(b) and10 min (c). Statisticsat the bottomof (a) and(b) include
the NorthernHemispheraneanandstandardieviation. Statisticsat the bottomof (c) includethe
differencein NorthernHemispheremeansthe root meansquareerror, andthe correlationcoefi-

cient.

Figure8. Annuallong-termmeanprecipitationin mm d* for (a) AM2/LM2, (b) CMAP obsena-
tions,and(c) AM2/LM2 minusCMAP. Statisticsat the bottomof (a) and(b) includethe global
meanandstandardieviation. Statisticsatthe bottomof (c) includethedifferencen globalmeans,

the correlation coétient, and the root mean square error

Figure 9. Annual long-termmeanoutgoinglongwave radiation (OLR) in W m2 for (a) AM2/
LM2, (b) ERBEobsenrations,and(c) AM2/LM2 minusERBE. Statisticsatthe bottomof (a) and
(b) includethe globalmeanandstandardieviation. Statisticsat the bottomof (c) includethe dif-

ference in global means, the correlation tioeint, and the root mean square error

Figure10. Annuallong-termmeanabsorbedolarradiation(SWAbs) in W m2 for (a) AM2/LM2,
(b) ERBE obsenations,and (c) AM2/LM2 minus ERBE. Statisticsat the bottomof (a) and (b)
includethe global meanandstandardieviation. Statisticsat the bottomof (c) includethe differ-

ence in global means, the correlation &ioent, and the root mean square error

Figure 11. Annual long-termmeantotal cloud amount(fraction) for (a) AM2/LM2, (b) ISCCP
obsenations,and(c) AM2/LM2 minusISCCP Statisticsat the bottomof (a) and(b) includethe

global mean and standardvdion. Statistics at the bottom of (c) include thdeddnce in global
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meansthe correlationcoeficient, andthe root meansquareerror. Note that thesestatisticshave

been computed onlyer the domain 60°S-60°N, as high latitude ISCCP data is unreliable.

Figure12. Annuallong-termmeanuppertropospheridiumidity in percentfor (a) AM2/LM2, (b)
TOVS obsenations,and(c) TOVS minusAM2/LM2. Statisticsat the bottomof (a) and(b) indi-
catethe global mean.Statisticsat the bottom of (c) include the differencein global meansthe

correlation codicient, and the root mean square error

Figure13. Distributionsof theregressiorcoeficientsof precipitationrateversusthe standardized
NINO3 SSTindex, ascomputediusingthe ensemblaneanof the 10-membe AMIP-style integra-
tionswith the AM2/LM2 for 1951-200Qupperpanel)andthe GPCPdatasefor 1979-2000both
for the DecembetJanuary-FebruargeasonContourintenal: 1 mm d. Zero contouris omitted.

Contours for -0.5 and +0.5 mm dre inserted.

Figure 14. Distributions of the regressioncoeficientsof 200 hPa heightversusthe standardized
NINO3 SSTindex, ascomputediusingthe ensemblaneanof the 10-membe AMIP-style integra-
tionswith the AM2/LM2 (upperpanelslandNCEPreanalyseglower panels)for the December
January-Februargeasorof the 1951-2000period. Resultsfor the northernand southernextrat-
ropicsareshavn in the left andright panelsrespectrely. Contourintenal is 5 m. The zero-con-

tour is not plotted.

Figure 15. Taylor diagramdepictingthe relationshipsbetweenthe obsened DJF 200 hPa height
anomaliesn the North Pacific / North Americansector(20°-70°N, 60°-180°W)during selected
ENSO events and the correspondingensemble-meapatternsas simulatedin the 10-member

AMIP-style runswith the AM2/LM2. Resultsfor individualwarmandcold ENSOeventsarepre-
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sentedusingred andblue dots,respectiely. Thetwo-digit labelfor eachdotindicatesthe yearof

the event in question.The spatial correlation coeficient is given by the cosineof the angle
betweerthe abscissandthe straightline joining the origin andthe dot representinghe event of

interest;correlationvaluesare given alongthe outer solid arc. The ratio betweenthe simulated
andobsenredspatialvariancess givenby thedistanceébetweerthedotandorigin; innerandouter
solid arcs indicate ratios of 1 and 1.5, respectrely. The root mean square(rms) difference
betweerthe simulatedandobseredpattern.asnormalizedoy the spatialvarianceof theobsered
field, is givenby the distancebetweerthe dot andthe point with coordinateg1,0)in thediagram;

inner and outer dotted arcs indicate normalized rnfisrdiices of 0.5 and 1, respeety.

Figure 16. Scatterplotsf the precipitationanomaliesin threemonsoonregions[IND - Indian;
AUS - northernAustralia; SEA - southeasfsia; boundarie®f theseregionsaredepictedn Fig-
ure 3 of LauandNath (2000)]versusghe NINO3 SSTanomaliesTheabscissan all panelsrepre-
sentsthe standardizedSST anomalyin the NINO3 region. The ordinate axis representghe
standardizegrecipitationanomalyin IND duringthe JA (left panels)andin SEA (middle pan-
els)andAUS (right panels)uringthe DJF seasonTheupperpanelsarebasecon AM2/LM2 out-
put for the 1951-2000period. The lower panelsshav the obsenational estimatesprovided by
GPCPfor the shorterperiod of 1979-2000.In eachpanel,the anomaliesof precipitationand
NINO3 index for agivenyeararejointly depictedoy asmalldotor squareTheoutstandingvarm
andcold ENSOeventsare highlightedusingcoloreddotsandsquaresrespectiely. The datafor
all remainingyearsareplottedusingblackdots. The correlationcoeficient for the dataentriesin
eachpanelis shavn in the upperright cornerof that panel.Correlationvaluesbasedon all avail-
able yearsare given in parenthesesCorrelationvaluesbasedon the available warm and cold

ENSO eents only are gen without parentheses.

61



GFDL GAMDT

Figurel7. Spatialpatternof anomaliesn sealevel pressurdSLP, contourslandsurfacetempera-
ture (color shading)associateavith a 1 hPaincreasean anindex of the NorthernAnnular Mode
(NAM), alsoreferredto asthe Arctic Oscillation. The anomaliesshavn arefrom the monthsof
NovemberthroughApril only. The SLPanomaliesarecomputedby multiplying thelinearregres-
sioncoeficientsateachgrid pointby al hPaincreasen aNAM index. Theshadingndicateshe
surfaceair temperatur@nomaliesn °C associateavith a 1 hPaincreaseof a NAM index andis
computedn a similar mannerThe NAM is definedby computinganempiricalorthogonalfunc-
tion (EOF) of SLPfor all pointsnorthof 20°N. A NAM index is thencalculatedasthe difference
betweerthe minimumandmaximumof the spatialpatternof the first EOF multiplied by its asso-
ciatedtime seriestherebyyielding anindex with units hPa. (a) SpatialpatternNAM anomalies
for AM2/LM2. A 10 memberensemblef experimentsvasconductedusingobsered SSTvaria-
tionsfrom 1951to 2000.For eachensemblanembera NAM patternwascomputedasdescribed
above. The spatialpatternshavn is the 10 memberensemblemeanof the NAM regressionpat-
terns.The temperatureshavn is the 2 m surfaceair temperatureover both land and ocean.(b)
Similar to (a) but for obsenationaldata.The EOF of SLP is adaptedrom Thompsonand Wal-
lace, (1998); the surfacetemperaturalatais from Jones(1994). Surfaceair temperatures used

over land, while SST is useder oceanic rgions including ice-ceered areas.

Figure 18. Frequenyg of tropical cyclonegenesidor (a) AM2/LM2 and (b) obsenations.Units

are number of storms per year in a box of size 4° latitude by 5° longitude.

Figure 19. Wave frequeng spectraof 5°N to 5°S 200 hPa zonal wind variancefor AM2/LM2

(top) and NCEP reanalyses (bottom). Contour iriles/40 nis?.

Figure20. CompositeNorthernHemispheravinter (NovemberApril) Madden-JuliarOscillation
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from 30-90day filtered precipitationin mm d*. Mapsbasedon AM2/LM2 areshawn in the left
column and thosebasedon CMAP obsenationsin right column. Sequentiailmapsare 10 day
meanscenteredn lagsof -30 days,-15 days,0 days,+15 days,and+30days.The superimposed
greendashedines indicate propag@tion of the disturbanceNote that the valuesfor AM2/LM2

values hae been enhanced byacfor of 2.

Figure21. Taylor diagramdor selectedrariablescomparingthe skill of AM2/LM2 (redcircle)in
reproducingheobseredclimatologyto thatof older GFDL models(MCM andDERF, greenand
orangecircles respectrely) and other modelsparticipatingin AMIP 1l (CCM3.5, ECHAMA4,
ECMWEF, and HADAM3). Note that all non-GFDL modelsare plotted with a blue diamondto
preventuniqueidentification.The selectedsariablesncludethoseassociatedavith surfaceclimate
(SLR landsurfaceair temperatureandoceaniovind stressfop row), watercycle andclouds(pre-
cipitation, shortwave cloudforcing, andtotal cloudamount,middle row), anduppertropospheric
circulation (200 hPa eddy geopotentiabnd zonalwind, bottomrow). The obsenationalsources
for thesedatainclude the NCEP reanalysedor SLP and 200 hPa eddy geopotentialand zonal
wind, ECMWF reanalyse$or oceanicwind stressERBE for cloud radiatve forcing, ISCCPfor
total cloud amount,CMAP for precipitationand CRU for land surfaceair temperatureBeneath

eachvariablenameis anindicationof thegeographicatlomainandseasomsedin thecalculation.

Figure 22. Polavard oceanicheattransportin petavatts (10> W) from obsenationalbasedesti-
matesand implied by AM2/LM2 (dark black line). The obsened estimatesare derived from
atmosphericata(TrenbertrandCaron2001;redlineswith dashedinesindicatingplusor minus
one standarderror; basedon NCEP-dened products)or oceanicdata(Ganachaudnd Wunsch

2003). Results are siwa for the a) Atlantic, b) Indodific, and c) wrld ocean basins.
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Figure 1. Long-term annual and zonal mean temperature difference between NCEP/NCAR rean-
alysis climatology and AM2/LM2 (AM2/LM2 minus NCEP). Contour interval is0.5 K.
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Figure 2. Long-term annual mean 2 m temperature difference between CRU climatology and
AM2/LM2 (AM2/LM2 minus CRU). Contour interval is2 K.
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Figure 3. Long-term mean 2 m temperature difference for North America between CRU climatol -
ogy and AM2/LM2 (AM2/LM2 minus CRU) for @) December-January-February (DJF) and b)
June-July-August (JJA). Contour interval is2 K.
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Figure 4. Long-term annual and zonal mean zonal wind in m s? for (a) NCEP/NCAR reanalysis,
(b) AM2/LM2, and (c) AM2/LM2 minus NCEP. Contour interval is5m stin (a) and (b) and 1 m
stin(c).
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Figure 5. Long-term annual and zonal mean zona wind stress in Pa over the ocean for the ship-
based climatology of COADS (blue) (daSilva et a. 1994; Woodruff et al. 1987), ECMWF reanal -
ysis (red) (Gibson et a. 1997), the ERS satellite scatterometer (green) (CERSAT-IFREMER
2002), and AM2/LM2 (black). The sign convention is such that a positive stress indicates an east-
erly stress on the atmosphere and a westerly stress on the ocean.
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minus

Figure 6. Long-term Northern Hemisphere DJF mean SLP minus 1013.25 hPafor (a) AM2/LM2,
(b) NCEP/NCAR reanalysis, and (c) AM2/LM2 minus NCEP. Contour interval is 3 hPa for (a)
and (b) and 1 hPafor (c); the zero contour is not plotted in (c). Note that regions with mean sur-
face pressure below 950 hPa have been masked.
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mean: —0.000005 AM2 /ILM2
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mean: 0.00001188 Reanalysis
std dev: 57.8791

AM2 /ILM2 — Reanalysis

mean A: —0.00002
rms A: 16.959
corr- 09572

Figure7. Long-termDJF meandepartureof 500 hPa geopotentiaheightfrom its zonalmeanfor
(a) AM2/LM2, (b) NCEP/NCARreanalysislimatology and(c) AM2/LM2 minusNCEPR Con-
tourinterval is 25 m in (a) and(b) and10 min (c). Statisticsat the bottomof (a) and(b) include
the NorthernHemispheraneanandstandardieviation. Statisticsat the bottomof (c) includethe
differencein NorthernHemisphereneansthe root meansquareerror, andthe correlationcoefi-

cient.
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Figure8. Annuallong-termmeanprecipitationin mm d for (a) AM2/LM2, (b) CMAP obsena-
tions,and(c) AM2/LM2 minusCMAP. Statisticsat the bottomof (a) and(b) includethe global
meanandstandardieviation. Statisticsatthe bottomof (c) includethedifferencen globalmeans,
the correlation coétient, and the root mean square error

71



GFDL GAMDT

ANN OLR (W/m?3)
AM2 /M2

315
300
285
270
255
240
225
210
195
180
165
150

30S

60S

60E 60W 0
Mod = 235.322 SDev = 28.8858

ERBE

315

300
pON e e - : 285

270
255
240
225
210
195
180
165
150

60S

0 60E 120E 120W 60W 0
Obs = 235.273 SDev = 29.5115

60N 1§
30N -
EQ
3084\

60S

r(Obs, Mod) = 0.967132
Mod — Obs = 0.0490875 rmse = 7.54608

Figure 9. Annual long-termmeanoutgoinglongwave radiation (OLR) in W m2 for (a) AM2/
LM2, (b) ERBEobsenrations,and(c) AM2/LM2 minusERBE. Statisticsatthe bottomof (a) and
(b) includethe globalmeanandstandardieviation. Statisticsat the bottomof (c) includethe dif-
ference in global means, the correlation Gioeit, and the root mean square error
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Figure10. Annuallong-termmeanabsorbedolarradiation(SWAbs) in W m2 for (a) AM2/LM2,
(b) ERBE obsenations,and (c) AM2/LM2 minus ERBE. Statisticsat the bottomof (a) and (b)
includethe globalmeanandstandarddeviation. Statisticsat the bottomof (c) includethe differ-
ence in global means, the correlation Gosfnt, and the root mean square error
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Figure 11. Annual long-termmeantotal cloud amount(fraction) for (a) AM2/LM2, (b) ISCCP
obsenations,and(c) AM2/LM2 minusISCCP Statisticsat the bottomof (a) and(b) includethe
global mean and standardvdion. Statistics at the bottom of (c) include thdeddnce in global
meansthe correlationcoeficient, andthe root meansquareerror. Note thatthesestatisticshave
been computed onlyer the domain 60°S-60°N, as high latitude ISCCP data is unreliable.
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Figure12. Annuallong-termmeanuppertropospheridiumidity in percentfor (a) AM2/LM2, (b)
TOVS obsenations,and(c) TOVS minusAM2/LM2. Statisticsat the bottomof (a) and(b) indi-
catethe global mean.Statisticsat the bottom of (c) include the differencein global meansthe
correlation codicient, and the root mean square error
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AM2/LM2

GPCP Observations

Figure13. Distributionsof theregressiorcoeficientsof precipitationrateversusthe standardized
NINO3 SSTindex, ascomputediusingthe ensemblaneanof the 10-membe AMIP-style integra-
tionswith the AM2/LM2 for 1951-200Qupperpanel)andthe GPCPdatasetor 1979-2000both
for the DecembetJanuary-FebruargeasonContourinterval: 1 mm d*. Zero contouris omitted.

Contours for -0.5 and +0.5 mnt dre inserted.
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Figure 14. Distributions of the regressioncoeficientsof 200 hPa heightversusthe standardized
NINO3 SSTindex, ascomputedisingthe ensemblaneanof the 10-membe AMIP-style integra-
tionswith the AM2/LM2 (upperpanels)landNCEPreanalyseglower panels)for the December
January-Februargeasorof the 1951-2000period. Resultsfor the northernand southernextrat-
ropicsareshavn in the left andright panels respectrely. Contourinterval is 5 m. The zero-con-

tour is not plotted.
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Figure 15. Taylor diagramdepictingthe relationshipetweenthe obsened DJF 200 hPa height
anomaliesin the North Pacific / North Americansector(20°-70°N, 60°-180°W)during selected
ENSO events and the correspondingensemble-meapatternsas simulatedin the 10-member
AMIP-style runswith the AM2/LM2. Resultsfor individualwarmandcold ENSOeventsarepre-
sentedusingred andblue dots,respectiely. Thetwo-digit labelfor eachdotindicatesthe yearof
the event in question.The spatial correlation coeficient is given by the cosineof the angle
betweenthe abscissandthe straightline joining the origin andthe dot representinghe event of
interest;correlationvaluesare given along the outer solid arc. The ratio betweenthe simulated
andobsenedspatialvariancess givenby thedistancebetweerthedotandorigin; innerandouter
solid arcs indicate ratios of 1 and 1.5, respectrely. The root mean square(rms) difference
betweerthe simulatedandobseredpattern.asnormalizedoy the spatialvarianceof theobsered
field, is givenby thedistancebetweerthe dot andthe point with coordinateg1,0)in thediagram;
inner and outer dotted arcs indicate normalized rnfisrdifices of 0.5 and 1, respeety.
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Figure 16. Scatterplotsf the precipitationanomaliesin threemonsoonregions[IND - Indian;
AUS - northernAustralia; SEA - southeasfsia; boundarie®f theseregionsaredepictedn Fig-
ure 3 of LauandNath (2000)]versushe NINO3 SSTanomaliesTheabscissan all panelsrepre-
sentsthe standardizedSST anomalyin the NINO3 region. The ordinate axis representghe
standardizegbrecipitationanomalyin IND duringthe JA seasor{left panels)andin SEA (mid-
dle panels)and AUS (right panels)during the DJF seasonThe upperpanelsarebasedon AM2/
LM2 outputfor the 1951-2000period. The lower panelsshav the obsenational estimategro-
videdby GPCPfor the shorterperiodof 1979-2000In eachpanel,the anomaliesf precipitation
andNINO3 index for a givenyeararejointly depictedby a smalldot or square The outstanding
warm and cold ENSO eventsare highlightedusing coloreddots and squaresrespectiely. The
datafor all remainingyearsare plotted usingblack dots. The correlationcoeficient for the data
entriesin eachpanelis shavn in the upperright cornerof thatpanel.Correlationvaluesbasedn
all availableyearsaregivenin parenthese<orrelationvaluesbasedon the available warm and
cold ENSO gents only are gen without parentheses.
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Figurel7.Spatialpatternof anomaliesn
sealevel pressure(SLP, contours)and
surfacetemperaturégcolor shadinglasso-
ciatedwith a 1 hPaincreasen anindex
of the Northern Annular Mode (NAM),
alsoreferredto asthe Arctic Oscillation.
The anomalies shavn are from the
monthsof NovemberthroughApril only.
The SLP anomaliesare computed by
multiplying the linear regressioncoefi-
cients at each grid point by a 1 hPa
increasein a NAM index. The shading
indicates the surface air temperature
anomaliesin °C associatedvith a 1 hPa
increaseof a NAM index and is com-
putedin a similar manner The NAM is
defined by computing an empirical
orthogonalunction (EOF) of SLPfor all
points north of 20°N. A NAM index is
thencalculatedasthe differencebetween
the minimum and maximumof the spa-
tial patternof thefirst EOF multiplied by
its associatedime series,therebyyield-
ing an index with units hPa. (a) Spatial
patternNAM anomaliesfor AM2/LM2.
A 10 memberensembleof experiments
wasconductedusingobsened SSTvari-
ations from 1951 to 2000. For each
ensemblemembera NAM patternwas
computedas describedaborve. The spa-
tial pattern shavn is the 10 member
ensemblemeanof the NAM regression
patterns.The temperatureshavn is the 2
m surfaceair temperaturever bothland
and ocean. (b) Similar to (a) but for
obsenational data. The EOF of SLP is
adaptedfrom Thompsonand Wallace,
(1998); the surface temperaturedata is
from Jones(1994). Surfaceair tempera-
tureis usedover land, while SSTis used
over oceanicregions including ice-cov-
ered areas.
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Figure 18. Frequeng of tropical cyclone genesidor (a) AM2/LM2 and (b) obsenations.Units
are number of storms per year in a box of size 4° latitude by 5° longitude.
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Figure 19. Wave frequeny spectraof 5°N to 5°S 200 hPa zonal wind variancefor AM2/LM2
(top) and NCEP reanalyses (bottom). Contour irateis/40 nis?.
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Figure20. CompositeNorthernHemispherevinter (NovemberApril) Madden-JuliarOscillation
from 30-90day filtered precipitationin mm d*. Mapsbasedon AM2/LM2 areshawn in theleft
column and thosebasedon CMAP obsenationsin right column. Sequentiailmapsare 10 day
meanscenteredn lagsof -30 days,-15 days,0 days,+15 days,and+30days.The superimposed
greendashedines indicate propagtion of the disturbanceNote that the valuesfor AM2/LM2
values hae been enhanced byactor of 2.
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Figure21. Taylor diagramdor selectedrariablescomparingthe skill of AM2/LM2 (redcircle)in
reproducingheobseredclimatologyto thatof older GFDL models(MCM andDERF, greenand
orangecircles respectrely) and other modelsparticipatingin AMIP 11 (CCM3.5, ECHAM4,
ECMWEF, and HADAM3). Note that all non-GFDL modelsare plotted with a blue diamondto
preventuniqueidentification.The selectedsariablesncludethoseassociatedavith surfaceclimate
(SLP, landsurfaceair temperatureandoceanionvind stresstop row), watercycle andclouds(pre-
cipitation, shortwave cloudforcing, andtotal cloud amount,middle row), anduppertropospheric
circulation (200 hPa eddy geopotentiabind zonalwind, bottomrow). The obsenationalsources
for thesedatainclude the NCEP reanalysedor SLP and 200 hPa eddy geopotentialand zonal
wind, ECMWEF reanalyse$or oceanicwind stressERBE for cloud radiatve forcing, ISCCPfor
total cloud amount,CMAP for precipitationand CRU for land surfaceair temperatureBeneath
eachvariablenameis anindicationof thegeographicatiomainandseasomsedin thecalculation.
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Figure 22. Polevard oceanicheattransportin petavatts (10> W) from obsenationalbasedesti-
matesand implied by AM2/LM2 (dark black line). The obsened estimatesare derived from
atmosphericata(TrenbertrandCaron2001;redlineswith dashedinesindicatingplusor minus
one standarderror; basedon NCEP-dened products)or oceanicdata(Ganachaudnd Wunsch
2003). Results are siwa for the a) Atlantic, b) Indodific, and ¢) wrld ocean basins.
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