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Abstract暋Aregionalseaice灢oceancoupledmodelfortheArcticOceanwasdevel灢
oped,basedontheMITgcmoceancirculationmodelandclassicalHibler79type
twocategorythermodynamics灢dynamicsseaicemodel.Theseaicedynamicsand
thermodynamicswereconsideredbasedon Viscous灢Plastic (VP)and Winton
three灢layermodels,respectively.Adetailedconfigurationofcoupledmodelhas
beenintroduced.Specialattentionhasbeenpaidtothemodelgridsetup,subgrid
paramerization,ice灢oceancouplingandopenboundarytreatment.Thecoupled
modelwasthenappliedandtwotestrunexampleswerepresented.Thefirst
modelrunwasaclimatologysimulationwith10years(1992—2002)averaged
NCAR/NCEPreanalysisdataasatmosphericforcing.Thesecondmodelrunwas
aseasonalsimulationfortheperiodof1992—2007.Theatmosphericforcingwas
dailyNCAR/NCEPreanalysis.Theclimatologysimulationcapturedthegeneral
patternoftheseaicethicknessdistributionoftheArctic,i.e.,thethickestsea
iceissituatedaroundtheCanadaArchipelagoandthenorthcoastoftheGreen灢
land.Forthesecondmodelrun,themodeledSeptemberSeaiceextentanomaly
from1992—2007washighlycorrelatedwiththeobservations,withalinearcor灢
relationcoefficientof0.88.TheminimumoftheArcticseaiceareaintheSep灢
temberof2007wasunprecedented.Themodeledseaiceareaandextentforthis
minimumwasoverestimatedrelativetotheobservations.However,itcaptured
thegeneralpatternoftheseaiceretreat.
Keywords暋MITgcm,SeaIce,ArcticOcean,RegionalModel,ClimateChange.
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1暋Introduction

Arcticisanimportantcomponentoftheglobalclimatesystem.Researchesinre灢
centyearshaveshownthatinthegreatercontextofglobalwarming,morenotable
changesoccurredintheArcticclimatesystemthanotherareasoverthepast30
years,whichhavebeenseenthemostintensechangesinthepastcentury.Particular灢
lythemostnotableistherapidshrinkageofthesummerArcticseaiceextent[1灢4]

(Fig.1).TherapidchangeofseaiceintheArcticanditspredictionhasbecomeone



ofthehottopicsintheresearchcommunityandthepublicinrecentyears[5灢6].

Fig.1暋Dailyiceextentsof2005,2007,2008andaveragedoverthe
5灢yearperiods1980—1984through2000—2004[2].

暋暋AsanimportantcomponentoftheArcticclimatesystem,seaiceisverysensi灢
tivetochangesofexternalforcingsuchasatmosphericcirculation,downwardlong/
shortwaveradiationandocean/atmosphereheatflux,etc[7灢9].Slightdisturbancesof
externalforcingorinitialconditionsarehighlylikelytocausesignificantchangesto
theseaicecharacteristicssuchasicethickness,concentrationandotherparame灢
ters[10灢12].Exactlybecauseofthispropertyofsea灢ice,andthestatusofsea灢icein
somekeyclimaticfeedbackmechanisms,sea灢iceplaysadeterminantroleintheArc灢
ticclimatesystem.Alsobecauseofthecomplexityofsea灢icechanges,outputsofcur灢
rentsea灢ice numericalsimulationsaresubjecttoconsiderable uncertainty[13灢15].
Therefore,topreciselyreproducethecharacteristicsofseaicechangeinrecentyears
andexamineitsrelevantmechanismsusingappropriateice灢oceancouplednumerical
modelswithobservationresultswouldhelptoincreasepredictivecapabilityforfuture
climatechanges.Nonetheless,itisstillaneffectiveapproachincurrentusetostudy
polarice,air灢seainteractionsandclimateeffectswiththehelpofcoupled灢system
models[12,14,15].

TheongoingprojectofEstimatingtheCirculationandClimateoftheOcean,
PhaseII(ECCO2),whichmainlyaimstoestablishahigh灢resolutionglobal灢ocean
andsea灢icesimulationanddiagnosticsystem,hastheimprovementofnumericalsim灢
ulationofpolarice灢oceancoupledprocessesasoneofitskeyissuestosolve[16].The
project暞soceanmodelisbasedonMITgcmanditssea灢icemodelisbasedonHibler79
two灢layerthermodynamics model[17],whichissignificantforunderstandingpolar
sea灢icechangeanditsroleinclimatechange.TheArcticregionalice灢oceancoupled
modeldescribedinthispaperhasmainlybeendevelopedonthisbasis.Thebasic
structureofthispaperis:insection2,thepapergivesanoverviewofthesettingof
themodelanditsmajorparameterizationschemes;insection3,theclimatologysim灢
ulationoutputandsimulationoutputforsummericeof2007arepresented;andin
section4,summaryanddiscussionaregiven.
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2暋ModelConfigurationandRelatedParameterizationSchemes

2.1暋Theoceanmodel

TheoceanmodelisbasedonMITgcm (MIToceangeneralcirculationmodel);
theArakawaCgridischosenasthehorizontalgridandfinitevolumedifferenceis
used;vertically,therescaledzcoordinateisselected.However,thepartialcellisal灢
sousedtofitasmuchaspossiblewithtopographicboundariestomaintainfluxcon灢
servationforthemodelandavoidmodeldrift.Themodelisdesignedtosimulate
largetimescaleprocessessuchasinter灢annualorinter灢decadalprocesses[18].Theo灢
ceanmodelalsobenefitsfromthelatestdevelopmentsinphysicalprocessparameter灢
izationinrecentyears;insection2.3,severalparameterizationschemesfrequently
usedinArcticice灢oceancouplingandtheirbackgroundsarediscussedinmoredetail.

2.2暋Sea灢icemodel

Thesea灢icedynamicsprocesseshavebeenderivedfrom Hibler暞sviscous灢plastic
model[17]andthesea灢icethermodynamicsbasedonWinton暞s[2000]three灢layerther灢
modynamicsmodel[19].Sea灢icesurfaceheatfluxisbasedontheformulaofParkson
andWashington[1979][20].Asconductionheatfluxissignificantlyinfluencedbyice
thickness,intheMITgcmmodel,calculationofheatfluxtakesintoaccountsub灢grid
icethicknesschange,i.e.inahorizontalgrid,icethicknessesarecategorizedinto7
classes,theicethicknessHn,whichareevenlydistributedbetween5cmtotwicethe
icethickness,withHn=(2n-1)/7,n暿[1,7].Icesurfaceheatfluxandalbedo
changescausedbyaccumulatedsnowareconsidered;snow灢iceconversionprocesses
arebasedonMaksymandJeffries[2000][21].

2.3暋Majormodelmodules

2.3.1暋Spherical灢cubicgrid
Whetherforglobalorregionalocean(orcoupledsystem)numericalsimulation,

theselectionofgridisanimportantpart.InnumericalsimulationfortheArcticre灢
gion,thereisstillthetoughproblemoftheNorthPoletotackle.Commonlyused
approachesincludetripolegrid (generalmodelssuchasMOM4,CICE4,etc.)or
simplyleaveoutpartoftheNorthPolearea.Neitheroftheseapproachesessentially
solvesthesingularityproblemofthepole.MITgcmadoptedanew meshgeneration
method灢thecubespheregrid,which,incombinedwithfinitevolumedifference,has
essentiallysolvedthesingularityproblem[18](inaddition,whentheNorthPoleprob灢
lemisnotaconcern,MITgcmmayalsousesphericalgridorpartiallinearorthogonal
grid).

Asanew,effectiveapproachtosolvingsphericalpartialdifferentialequations,
thecubespheregridmethoddividesthespheresurfaceintosixidenticalsectionswith
thecentralprojectionsofthecircumscribedcube.Eachsectioncanbecoveredbya
groupofarcsoflargercircleswithequalcentralangles,sothataquasi灢uniformgrid
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isdefinedforeachsectionandthereisnosingularitypointinthecoordinatesystem.
Thecorrespondingcalculationgridiscomposedofsixidenticalrectangulargridsde灢
finedbyangularcoordinate(毼,毲),eachbetween(-毿/4,毿/4),sothatmanyintrinsic
difficultiesinnumericalsolutionofpartialdifferentialequationswiththecommon
sphericalcoordinatesystemareavoided.Attheboundariesofthesixsections,agrid
assemblytechnologyisusedtojoinupthesixsections,whichallowsforstablenu灢
mericalsolutionwithrelativesmallsectionoverlapping.

InthecaseofanArcticregionalmodel,itcanbeensuredthatoneofthefaces
coversmostareasnorthof50曘N,formingaregionalcurvilinearorthogonalgrid,
whichisjustthehorizontalgridappliedbytheArcticregionalice灢oceancoupledmod灢
eldiscussedinthispaper.Figure2showsthecoverregionandtopographyofthe
model,withtwoopenboundarieslocatedintheBeringSeaandtheNorthAtlanticO灢
ceanrespectively.

Fig.2暋TheregionalArcticOceantopography(unit:km).

2.3.2暋Selectionofverticalcoordinatesystem
Inice灢oceancoupledsystem,realisticrepresentationofseaicerequiresthatnon灢

linearfreesurface,actualfreshwaterfluxandnecessaryconservationlawsbetaken
intoaccount.Icefloatsintheupperocean,andasdeterminedbyitsrelativedensity
toseawater,mostofitsvolumeisimmersedintheupperocean.Ifthe氁coordinate
systemischosenforthenumericalsimulation,handlingoftheice灢seainterfacewould
beeasier,sincethisinterface,similartotheseabedinterface,exactlyconstitutethe
topandbottomsurfacesofthe氁coordinatesystem,withoutaffectingthevertical
stratificationofthemodel.Withtraditionalheightcoordinates(zcoordinate),how灢
ever,bothconsiderationoftheexistenceofseaiceoreffectofthefreesurfacecan
causethethinningordisappearanceoftheuppergridwhenthetopsurfaceissubject
tosignificantundulation(largeamplitudefluctuationsorseaicegrowthtoacertain
thickness),creatingpotentialfactorsofinstability.Therefore,mostzcoordinate灢
basedice灢oceancoupledmodelsincurrentusesimplifythestateofsea灢iceinuppero灢
ceanaswhollydrift,withuppergridunaffectedbythicknessofice;also,virtualsa灢
linityfluxisusedfortheice灢seainterface,whichisaboundaryconditionthatmay
causechangesofpressureofwatercolumnwithfreezingandmeltingofseaice,crea灢
tingfakecirculation.Infact,nopressurechangeoccursverticallyassea灢icefreezes
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ormelts.
Todealwiththisproblem,AdcroftandCampin(2003)[22]introducedarescaled

z* coordinateinMITgcm:z* =氁(x,y,z,t)H(x,y)= z-毲(x,y,t)
H(x,y)+毲(x,y,t)H(x,y),

wherez=H,representingtheseabed;x,yarehorizontalcoordinate;tistime;毲is
freesurfacefluctuation;氁isterrain灢followingcoordinate.Inspiteofthis,z*ismore
closetoheightcoordinate.Basedonthis,Campin(2008)[23]introducedanequivalent
freesurface毲eq=毲+M(ice+snow)/氀wtocalculatetheimpactofseasurfacefluctuationon
seaicemovement.

2.3.3暋Parameterizationofsalt灢plume
暋暋Attheearlystageoftheseawaterfreezing,partofthesaltistrappedintheice;
andaftertheformingofseaice,thesaltisgraduallyreleasedtotheseawater.As
somestudiesshow,salinityoffreshseaicemaybeashighas20PSU whileaftera
winter,thesalinityofthefirst灢yearicemaybe4灢6PSUandsalinityofthemulti灢year
icethathassurvivedatleastonesummermaybeaslowas1灢3PSU.Duringthe
wholeprocess,however,distributionofthereleasingsaltfromtheseaiceintheup灢
peroceanisuneven,whichsignificantlyaffectsthespatialvariabilityofupperocean
salinity.Butgenerally,inice灢oceancoupledsimulation,saltsoreleasedwastreated
simplydistributedevenlytothemixedlayer.

IntheArcticOcean,haloclineplaysanimportantroleintheregulationofheat
exchangeatthebottomofthemixedlayer;besides,itdirectlyaffectstheenergybal灢
anceandseaicemassbalanceoftheice灢oceancoupledsystem.Accuratedepictionof
thedistributionandevolutionoftheArcticOceanhaloclineremainsoneofthediffi灢
cultiesinArcticice灢oceancoupledsimulation.Onemajorissuethatcompromises
suchsimulationissimplifiedtreatmentofthesaltfreezing灢outprocessbyallmodels.
IntheECCO2project,Nguyen(2008)[25]proposedaparameterizationschemedepic灢
tingthisphysicalprocessbasedonexperimentresults.Numericalexperimentscon灢
firmthatthisschemehassignificantlyimproveddepictionofthepropertiesofArctic
Oceanupperoceanwatermass.Thecoreoftheparameterizationschemeliesinthe
distributionofthedischargedsaltinupperocean:insteadofsimplydistributingite灢
venlyaswastraditionallypracticed,Nguyen(2008)[25]placedthesaltonappropriate
buoyancylayerasearlyaspossible.Whenthesaltflowingentersastratifiedfluid
(theplumestructurethenformedisreferredtoassaltplume),itsdepthofpenetra灢
tionandhorizontalextentaremainlydeterminedbyinitialbuoyancy,waterstratifica灢
tioncharacteristicsandwaterrotation.

DenoteCoriolisforceasf,buoyancyfrequencyasNandbuoyancyfluxofperu灢
nitareaofbrineasB0.TherelationshipbetweenB0andvolumefluxperunitareaQ0

isB0=Q0·g氀0-氀a

氀a
.Inpolaroceans,generallystratificationeffectisdominant,

whichmeansN/f>>1.Therefore,thebuoyancydepththatthemainpartofsalt

plumescanreachisaboutzM 曋(3.0暲1.0)B
1/3
0

N
,andassoonasthesesaltplumes

reachthisdepth,theyfurtherextendhorizontallyinalldirections.Themajorpartof
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ECCO2暞ssaltplumeparameterizationschemeintroducedaverticaldistributionfunc灢
tion,whichprovidesa3Ddepictionofthesaltplumesastheydevelopdownward.
Thefunctionisinthefollowingform:

s(z)=
Azn if暋旤z旤曑旤Dsp旤
0 if暋旤z旤曒旤Dsp

{ 旤
wherenandDsp representtheverticaldistributioncharacteristicsandpenetration
depthofsaltplume,respectivelyandareadjustableparametersintheparameteriza灢
tionscheme.Inaddition,conservationofsalinityshouldbeensured,whichmeans

S(z)=曇
Dsp

0
sdz=S0,whereS0istheinitialtotalrejectedsalt.Basedonthisconserva灢

tionrelationship,coefficientAcouldbedetermined.Basedonexperimentsconducted
intheArcticOcean,whichwerecomparedwithobservationdata,5issetfornand
Dspisthedepthoflocalmixedlayer.

Fig.3暋ComparisonoftheSalt灢Plumeparameterizationscheme(Dottedline:observationdata;Red
line:withSalt灢Plumeparameterizationscheme;Blueline:noSalt灢Plumeparameterization
scheme)[25].

2.3.4暋Mesoscaleeddiesmixingandtransport
Mesoscaleeddiesplayanimportantroleinthetransportofphysicalpropertiesin

ocean.However,duetothemodelresolutionlimitation,theirdepictionoftenrelies
onsomeparameterizationscheme.Currently,themostoftenusedschemeisthepa灢
rameterizationofeddy灢inducedvelocityrelatedtoisopycnalsurfacethicknessdiffu灢
sionproposedbyGent灢McWilliams(1990)[26].TherearetwopartstotheRedi/GM
parameterizationofgeostrophiceddies.Onepartaimstorealizemixofphysicalprop灢
ertiesbymeansofadiffusionoperatororientedalongthelocalisentropicsurface(Re灢
di).Theotherpartadiabaticallyrearrangesphysicalpropertiesthroughanadvective
fluxwheretheadvectivefluxisafunctionofslopeoftheisentropicsurfaces.

A.TheRedischeme[27]:isentropicsurfacesdiffusion
ThroughadditionofthetermevolutiontrendinthetracerT (suchastempera灢

ture,salinity,etc.)equation,theRedischemeprovidestracerdiffusionalongthe
isentropicsurface.Thetermofevolutiontrendisdenotedas▽毷氀KRedi▽T,where毷氀

isisopcnaldiffusivity,andKRediisathree灢dimensionalsecondranktensor.General灢
ly,slopeofisentropicsurfacesintheoceanisverysmall,i.e.Sx,Sy<<1,sothe
followingapproximaterelationshipcanbederived:

KRedi=
1+Sx SxSy Sx

SxSy 1+Sx Sy

Sx Sy 旤S旤

æ

è
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ø

÷
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暋暋B.GMparameterizationscheme
Onthisbasis,GentandMcWilliams(1990)[26]introducedacomponentforeddy灢

inducedtransport(Cartesiancoordinates)intheadvectiontermofthetracer(tem灢
perature,salinity,etc.)equation.

灥T
灥t+(v+v*)灥T

灥x+(u+u*)灥T
灥y+(w+w*)灥T

灥z=R(毷氀,T)

v* =-灥
灥z

(毷GMSx),暋u* =-灥
灥z

(毷GMSy)

Sx 曉- 灥氁
灥
æ

è
ç

ö

ø
÷

z
-1灥氁

灥x
,暋Sy 曉- 灥氁

灥
æ

è
ç

ö

ø
÷

z
-1灥氁

灥y
暋暋wherev* ,u* aretheeddy灢inducedtransportvelocity;w*isderivedfromconti灢
nuityequation;毷GMisisopycnalthicknessdiffusivity.Therefore,intheGMparame灢
terizationequation,twoissuesneedtobeconsidered:oneisthechoiceof毷氀and毷GM ;
theotheristhecalculationofslopeofisentropicsurfaces.Forthesecondissue,inca灢
seswhereunstablestratificationandareasofintensemixingcreateinfiniteslopeof
isentropicsurfaces,theprevailingpracticeistoassignitaupperlimitvalue.Thetwo
coefficientsaresetasconstants,whichisacceptableinmostcases.

However,inrealocean,eddymovementsareconsiderablyuneventemporally
andspatially,soitscoefficientsshouldalsovarytemporallyandspatially.Visbeck
(1997)[28]proposedanunevenmixingcoefficientcloselyrelatedtolocalbaroclinicity.
Thisschemeconsidersthecorrelationbetween毷GM andthestateofeddydevelopment
anddefines毷GM asafunctionofEadygrowthrate|f|/ Ri.Itsexpressionis毷GM =

毩L2暣f
Ri

暤z,where毩isadimensionlessconstant,Lislengthscale,and暣·暤zrepresents
averagedepth.Theeddygrowthrateisaveragevalueofdepth.Ri=N2/(灥u/灥z)2isthe
localRichardsonnumber.Takingintoaccountthethermalwindrelationship,thefol灢
lowingexpressioncanbederived:

1
Ri=

(灥u/灥z)2
N2 =

(g旤▽氁旤/f氀0)2

N2 = M4

旤f旤2N2

暋暋DefineM2=g
氀0

|▽氁|andsubstituteitintothe毷GM expression,thereis毷GM =毩L2

|M2|Z

N =毩L2暣|S|N暤z.

ChoselengthscaleLasthefirstbaroclinicRossbydeformationradius,i.e.L=毸R=
1
f曇Ndz.Inaddition,theexpressionincorporatesadepth灢averagedprocess.Inactual

operation,choiceofdepthissubjecttoconsiderableuncertainty,oftenlimitedtoabove
1000m;and毷GM decreasesasdepthincreasesbecausebarocliniceddymovementsareless
activeinthedeepocean.

IntheArcticOcean,thePacificinflowplaysanimportantroleintheWesternArc灢
ticOceanwatermass暞formationandoceancirculation.However,duetoscarcityofob灢
servationdata,studyontheroleofthePacificinflowintheArcticOceantransport
processanditsimpactonseaicechangeisnotveryin灢depthandmostlybasedontheap灢
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plication of coupled models. The Arctic Ocean ModelInter灢comparison Project
(AOMIP)hasbroughttogethermajorArcticregionalice灢oceancoupledmodelsfromthe
relatedresearchgroups.Afterseveralyearsofdevelopment,researchershaveobtained
fairlydeepunderstandingoftheArcticOceancirculationsystemandseaicevariability
characteristics;however,theyalsobegintorealizetheweakpointsincurrentmod灢
els[24].OneoftheseisthatthedepictionoftherouteofthePacificinflow暞stransportin
thewesternArcticOcean,especiallywhenitenterstheCanadianBasin,isfarfromac灢
curate.AllmodelswithnoexceptionunderestimatetransportofPacificwaterintothe
CanadianBasin,compromisingtheaccuratedepictionoffreshwatervolumeofthewhole
basin.

Furtherresearchesshowedthatthemaincauseoftheseissuesliesininaccuratepa灢
rameterizationofmesoscaleeddies.Maslowskietal(2008)[29]concludedthroughcom灢
parativeexperimentsthatunderthesamemesoscaleeddyparameterizationscheme,low灢
resolutionmodelssignificantlyunderestimateAntarcticOcean mesoscaleeddy move灢
ments.Throughcoupledmodelsimulationwithaneddy灢resolvingsystem,Watanabe
(2008)[30]studiedtheArcticOceansalinitybiasproblemofpreviousexistingmodels.
Heconcludedthatoneofthemajorcausesistheunderestimationofthetransportofthe
PacificinflowintotheCanadianBasinbyexistingmodels,whichalsoleadstooveresti灢
mationofPacificOceanwaterflowingintotheEurasianBasin,resultinginthatsalinity
intheEurasianBasinisonthelowside.AfterintroductionofVisbeck(1996)暞svariable
eddycoefficientparameterizationscheme,thesimulationresultscanbesignificantlyim灢
proved[30].

2.4暋CouplingProcess

Themodeldescribedinthispaperisanice灢oceancoupledsystem.Asdia灢
grammedbyFigure4,atmosphericforcingfields,whichuseNCEPreanalysisdata,
areinputtodrivethesystem.Thesystem mainlyneedsthefollowingatmospheric
data(NCEPdataprovidedfourtimesdaily;1992灢2002averagewasusedforclimatol灢
ogy):a.2matmospheretemperaturefield;b.2matmospherehumidityfield;c.10
mwindspeeddata(u,v);d.precipitation;e.long/short灢waveradiation,etc.The
modeltakesintoaccounttheeffectofrunoff.Duetolackofdata,however,inthe
subsequentnumericalexperiments,resultsofmonthlyclimatologyvariation were
usedforrunoffdata.

Inthesystem,iceandoceanarecoupledbidirectionally,withtheoceanmodule
providingsurfacetemperature,salinity,flowfieldinformationtotheicemodule,and
theicemoduleprovidinginformationoniceconcentration,freshwaterfluxasthere灢
sultoficemelting,heatflux,etc.

3暋PreliminaryModelResult

3.1暋ExperimentConfiguration

Inregionalclimatesimulation,thehandlingofopenboundariesisadifficultis灢
sue.IntheArcticregionalice灢oceancoupledmodeldescribedinthispaper,theopen
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boundaryconditionscomefrom MITgcm暞sglobalintegrationexperimentCS510.In
theexperiment,theverticalcoordinatesadoptedtheaforesaidrescaledheightcoordi灢
natesandfullynonlinearfree灢surfacewasused.Thestandardexperimentresultpub灢
lishedbyECCO2wasstillbasedontheoriginaltopographicelevationcoordinates.In
addition,intheexperiment,thesaltplumeparameterizationschemeisused(forspe灢
cificparameters,seeNguyen(2008)[25]);GM90andVisbeck暞svariablecoefficient
schemeisusedforthemesoscaleeddiesparameterization.

Theexperimentdescribedinthispapercanbedividedintothefollowingsteps:
firstly,themodelisdrivenfor50yearsusingclimatologyNCEP(1992灢2002average)
data.Onthisbasis,integrationresultofthe50thyearisanalyzedasthesteadystate
ofclimatologysimulation.Secondly,withintegrationresultofthe50thyearusedas
initialstate,themodelisdrivenfor10yearsbyNCEPdailyforcingfieldof1992.
Thenintegrationisperformedfrom1992to2007,andtheintegrationresultof2007
iscomparedwithsomeobservationdataforanalysis.

Fig.4暋TheSeaice灢oceancoupledsystem.

3.2暋Climatologyresultsandanalysis

Figure5showsthespatialdistributionoftheArcticsummerandwintersea灢ice
thicknessofthe50thyearofclimatologyforcing.Overall,theresultrevealsthebasic
patternofArcticseaicethicknessdistribution,i.e.,theCanadianArchipelagoand
northernGreenlandhavegreaterseaicethicknessalltheyearround,whileicethick灢
nessalongtheSiberiancoast,whetherinwinterorsummer,ismuchsmaller.An灢
othertypicalcharacteristicisthatvirtuallythewholeBarentsSeaisfreeofsea灢ice
coveragealltheyearround,whichisrelatedtothenorthwardheattransferfromthe
NorthAtlanticOcean.Bothobservationandnumericalstudiesshowthatmostofthe
heatfromtheAtlanticOceandepositedintheBarentsSea,resultingthisareaabove灢
freezing灢pointsurfacetemperaturedespiteitshighlatitudes.
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暋暋暋Fig.5暋AveragedsummerandwinterArcticseaicethicknessdistribution(Units:m).

Figure6comparestheobservationdataandournumericalcalculationsfor1992灢
2007SeptemberArcticseaiceextentanomalies.Asthecurvesindicate,simulation
resultandobservationdataareconsiderablycorrelated(R2=0.88).Thesimulation
outputbasicallyreflectsArcticsummersea灢iceextentanomaliesoverthe16years.
Althoughsimulationresultbetween2005and2007ishigherthanobservationdata,
thedrasticdecreaseofseaiceextentin2007isclearlyshown(Fig.7)thattheyear
hadthesmallesticeextentofthe16yearsasobservationdatashown.Inaddition,
theArcticseaiceextentminimumin2002and2005isalsoaccuratelydepicted.

Fig.6暋1992灢2007Septemberaverageseaiceextentanomaly(Dashed:modelresult;solidline:ob灢
servationdatafromNSIDC,unit:millionkm2).
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3.3暋Simulationresultofthe2007Arcticseaiceminimum

Figure7showsthesummericeconcentrationandthicknessdistributionof2007
(averageinSeptember)calculatedwiththemodeldrivenbyNCEPdailywindfield.
ThebluelinerepresentsedgesofseaiceobtainedthroughSSMIsatelliteobservation
data;thewhitelinerepresentsmodelresult.AsshowninFigure7,thenumerical
simulationhasbasicallycapturedthesummerseaicedistributionoftheyear;as
shownbythicknessdistribution,comparedwithclimatologyresult,extentofseaice
withthicknessabove4msignificantlydecreasedinthesummerof2007.Inquantita灢
tiveterm,however,themodelresultoverestimatestheaverageiceextentforSep灢
tember2007,whichismainlyseenat150曘W灢120曘E,75曘N灢85曘NinthePacificsector
andsmallseaareasbetweentheoceanicareaandtheBarentsSea.Theresultisbasi灢
callyconsistentwiththesimulationresultofLindsayetal(2009)[15].Theauthorbe灢
lievesthatthisisperhapsduetotheNCEPdataselectedinthemodel,whichdonot
supportprecisedepictionofhighlatitudewindfieldcharacteristics.

Fig.7暋2007Septemberaveragedseaiceconcentration(left)andthickness(right)(Blue:observedseaice
edge;white:modeledseaiceedge.Unit:m).

4暋Conclusion

暋暋Thepaperdescribesanice灢oceancoupledmodelfortheArcticOcean.Itsocean
modelisbasedontheMITgcm;whilethecoupledsea灢icemodelhasbeendeveloped
withreferencetoHibler暞sthermodynamicanddynamicsmodel(1979)[17].Theo灢
ceanandicemodulesofthemodelbothadoptedtheCgrid,whichisconvenientfor
theircoupling;thehorizontalgridusescurvilinearorthogonalgridforhighermodel
resolutionandbetterhandlingoftheoddityissueofthepole.Inaddition,themain
partofthepaperdescribesthegridgenerationtechniquesforthemodelanditsmajor
parameterizationschemes.

Onthisbasis,partofthesimulationresult—aclimatologysimulationandArctic
seaicesimulationfor2007—ispresentedinthepaper.Ascomparisonwithobserva灢
tiondatashown,theregionalice灢oceancoupledmodeldescribedinthispapercanba灢
sicallycapturethebasiccharacteristicsofArcticseaicechangeandthuscouldbeused
inmoreadvancedsimulationandresearchonissuesrelatedtoArcticice灢oceancou灢
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