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Abstract暋Inthepast30years,alarge灢scalechangeoccurredintheArcticcli灢
maticsystem,whichhadneverbeenobservedbefore1980s.Atthesametime,
theArcticseaiceexperiencedaspecialevolutionwithmoreandmorerapidlydra灢
maticdeclining.Inthiscircumstance,theArcticseaicebecameanewfocusof
theArcticresearch.TherecentadvancementsaboutabruptchangeoftheArctic
seaicearereviewedinthispaper.Thepreviousanalyseshavedemonstratedthe
accelerateddecliningtrendofArcticseaiceextentinthepast30years,basedon
in灢situandsatellite灢basedobservationsofatmosphere,aswellastheresultsof
globalandregionalclimatesimulations.Especiallyinsummer,therateofde灢
creasefortheiceextentswasabove10% perdecade.Inpresentpaper,theevo灢
lutioncharacteristicsofthearcticseaiceanditspossiblecausearediscussedin
threeaspects,i.e.theseaicephysicalproperties,theinteractionprocessofsea
ice,oceanandatmosphereanditsresponseandfeedbackmechanismtoglobaland
arcticclimatesystem.
Keywords暋 Arctic,seaice,abruptchange,climate.

1暋Introduction

Arcticisasubstantialcomponentoftheglobalclimatesystem.Researchresults
showthatinrecent30years,incomparisonwiththatinotherareasontheearth,cli灢
matechangeintheArcticismuchmoreserious[1].Seaicehasbeencontinuouslyde灢
clininginlargescale,icecapinGreenlandhasbeenmelting,globalairtemperature
hasbeengenerallyrising,andseasurfacetemperaturehasbeenbecominghigher
whilesalinityhasbeengoingdown.Amongallthesechanges,thedrasticchangeof
seaiceintheArcticisthemostnotable[2].SummerseaiceareaintheArctichasnev灢
erstoppeddecreasingsincetheendof1970s,andthespeedisevenfasterinrecent
years.InSeptember2007,inparticular,seaiceareareducedby50%comparedwith
theaveragevalueofsummerseaiceareafrom1950sto1970s,presentedtheminimal
valueeversincesatelliteobservationwasadopted.Althoughsummerseaiceextentin
2008didnotcontinuedecliningaspredicted,thetotalamountofperennialseaice[3]

disappearedsharply,settinganewrecordminimum.Seaiceisoneofthemostsig灢



nificantfactorsthatinfluenceArcticclimatechange.Obtainingaccurateinformation
ofArcticseaiceanomaliestoidentifytheresponseofseaicetoglobalclimatechange
wouldbeoneofthekeysforresearchingandforecastingthetrendofglobalclimate
change.

2暋ThedecreasingtrendofArcticseaiceextent

暋暋ThetotalamountofArcticseaicehasbeendecreasingcontinuouslyinrecent30
years.Annualdecreaseofseaiceareaisthemostapparentevidence(Fig.1).Peng
Gongbingetal.[4]analyzedtheannualseaicechangeoftheperiodfrom1845to1976
inseveralmainseaareasoftheArcticbasedonthein灢situandvessel灢basedseaice
measurementsoftheFormerSovietUnion.Resultsshowedthatinterannualchange
trendsofArcticseaiceineachseasonweresimilar:Arcticseaiceareadecreasedtoa
certainextentfrom mid1950stoearly1960s,whileitshowedslightincreaseinthe
followingyearsandreachedthemaximumvaluein1967.Byusingglobalseaicedis灢
tributionobservationaldatathatcoverdifferentareasandtimefromfivedistinct
sources,whicharetheDepartmentofSeaIceinIllinoisUniversity,ArcticandAnt灢
arcticResearchInstituteofRussia,NOAAClimatePredictionCenter,NansenEnvi灢
ronmentalandRemoteSensingCenterinNorway,andNASAGoddardSpaceFlight
Center,Konstantin[5]obtainedsimilarresults:fromthebeginningof1970stothe
mid1980s,theannualaverageofArcticseaiceareafluctuatedaround12.5million
km2;sincelate1980s,northernhemisphereseaicehadabruptlydecreased,leaving
only11.6millionkm2atmid1990s,andtheannualchangeperiodswasratherun灢
clear.Sincethebeginningofthe21stcentury,thecontinuousseaicelossdidnot
slowdownbutrefreshedforseveraltimesthelowesthistoricpointinstead.Theaver灢
agedecreasingrateofsummerseaice,whichismorevulnerablethaneverbefore,in
particular,increasedfrom0.3%to1.1%annuallyandto8%in2007allofasudden.

Fig.1暋Arcticseasonalseaiceextent,1870灢2007(datafromhttp://arctic.atmos.uiuc.edu/
SEAICE/timeseries.1870灢2007).
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暋暋Latestremotesensingdatashowthatthestandingstockofperennialseaice(the
minimumvalueofthedistributedextentofseaiceintheArctic)hasdecreasedby
40%[2]since1970s.Asshowninfigure2,everytenyearsthestandingstockofArc灢
ticsummerseaice(September)woulddecrease11.1%since1979.Byanalyzingdata
collectedbefore2000,Comiso[7]foundthatthetrendwas灢6.4% perdecade,while
earlierbeforethat,theresultofanalysisofParkinsonetal.[8]wasonly3%perdec灢
ade.Comparedwithcircumstanceinthepreoid1958灢1976,theaveragethicknessof
Arcticseaicewasdecreasedby1.3metersinthemid1990s.Withacoupledseaice
model,LindsayandZhang[10]foundthatduring1987灢2007,theaverageseaicethick灢
nessdecreasedfrom3.7mto2.6m.AccordingtoICESatlaseraltimeterobservation
resultsannouncedbyNASASatelliteCenterforwinterArcticseaice,theaverage
thicknessofperennialseaiceintheArcticdecreasedsharplyfrom3.3mto2.8mbe灢
tween2007and2008,andtheaveragethicknessofannualseaicedecreasedaswell
from1.8mto1.6m.

Fig.2暋TimeseriesofthedifferenceiniceextentinMar(themonthoficeextentmaximum)andSep(the
monthoficeextentminimum)fromthemeanvaluesforthetimeperiod1979灢2007(Datafrom
NSIDC).

暋暋Duetothecontinuousthinningofwinterseaiceanddecreaseofthetotalamount
ofsummerseaice,theaverageseaicedensityoftheArcticOceaninSeptemberde灢
creasedquickly.Inashortperiodoftime,thelossofArcticseaiceisgoodforcrea灢
tinganewpassageintheArcticOcean,andseaicemelt灢waterflow willprovidea
stablelayerforthereproductionofphytoplankton.However,seaiceshrinkinginthe
longrunwilldefinitelyproduceseriousimpactonregionalandglobalclimateandeco灢
environment,thusleadstocatastrophicconsequences.

3暋Reasonsforrapiddecreaseofseaice

暋暋Tillnow,researchesofthephysicalprocessoftheabruptchangeofArcticsea
icehavefocusedontworespects:oneisthecomplicatedchangeofseaiceitself;the
otherischangescontributedtointeractionsbetweenseaiceandexternalenviron灢
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ment,likeatmosphereandoceans.Elementswithintheclimatesystemthatexhibit
impactonthemainprocessofthechangeofArcticseaicearePacificinflowtothe
ArcticOcean,waterexchangeandseaiceoutputbetweentheAtlanticOceanandthe
ArcticOcean,runofffromEuro灢AsiacontinentandNorthAmericacontinent,aswell
asresponsesofseaicetoatmosphericcirculation.Meanwhile,changeofseaicemay
exsertimportantfeedbackonexternalenvironment,likeice灢snowalbedofeedback,
cloud灢radiationfeedbackandleadsfeedbackinPolarRegions[12].

3.1暋Thecomplexcharacteristicofseaiceitself

Maykut,WeeksandAckley,Parkinsonetal.,Barryetal.and Wadhamshave
conductedaseriesofdetailedandin灢depthstudyontheprocessofseaicegrowthand
melting[13灢18].Resultsshowthatattheinitialstage,seaicegrowthiseffectedmainly
bywindfieldandexternalforceofwaves,underwhichseaicemayfreeze,break,ag灢
gregateandaccumulateontheseasurface[19].Afterthisperiod,seaicegrowthisba灢
sicallycontrolledbyice灢atmosphereandice灢oceanheatbudgettransfer,oceanicheat
flux,leadsandothereffects.Variationofseaicethicknessismainlyfoundonthe
bottomofseaice.Inspring,seaiceontheice灢atmosphereinterfacebeginstomelt,
however,thiswarmingprocessdonotpenetratethewholeseaicelayer,andthere灢
foreseaicecontinuestogrowatthebottom.Thingsarejusttheoppositeinautumn.
Whenautumncomes,seaicegrowsveryfastwithintheleads,butcontinuestomelt
atthebottombecauselowtemperaturecannoteffectthebottomseaice.Therebysea
icethicknesswillcontinuedecreasing.Theresponseofseaicetoseasonalforcesis
oftendelayed.Forexample,seaicemodelingexhibitsthatbrineinclusioninseaice
willabsorbsolarshortwaveradiationandstoreheatinsidetheice(thesocalledice
heatreservoireffect),postponingbothseaicemeltingprocessinspringandseaice
growthinautumn.

Analysisontemporalandspatialcharacteristicsofseaiceisalsooneofthefocu灢
sesoftheresearchonArcticclimatechange[1灢4][7灢10].Inhighlatitudeareas,thesolar
incidentradiationisquitedifferentineachseason.Themeltingandfreezingofseaice
needtoabsorbandreleaseagreatamountofheat.This,undoubtedly,includesan
energyaccumulationprocess,sothatArcticseaiceisobviouslycharacterizedbysea灢
sonalperiodicchangeanddelayedresponse.Althoughthelowesttemperatureinthe
ArcticappearsinJanuaryandFebruary,andthehighestappearsinJulyandAugust,
judgingfromyearsofremotesensingdataofArcticseaice,themaximumvalueof
monthlyseaicecoverageusuallyappearsinFebruaryandMarch,andtheminimum
inSeptember.Inotherwords,seasonalchangeofseaiceislaterthanthoseofsea灢
sonalsolarradiationandtemperature.

Also,becausethattheseaiceareaintheNorthernHemisphereisverybroad,
rangingfrom45曘Nto90曘NoftheNorthPole,spanning45oflatitude,thesolarin灢
cidentradiationpresentsgreatdifferenceindifferentareas.Whrerethecloserthelat灢
itudeisfromtheNorthPole,threrethethickeristheseaice,andthelongeristhe
timeneededforenergyaccumulationprocessformeltingandfreezing.Inthiscase,in
areasthatlocateneartheNorthPole,timetoappearingmaximumvalueofseaice
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willbedelayed.Theseasonaldifferenceisalsorelatedtolocationoftheseasandcur灢
rents.Forexample,theGreenlandSeaissituatedtothesouthwestofBarentsSea,
butitssouthernpartisalreadyintheareaoftheArcticCircle.Therefore,generally
speaking,seaiceconcentrationoftheGreenlandSeaissmallerthanthatoftheBar灢
entsSea,andboththemaximumandminimumvaluesappearearlierthantheBarents
Sea.However,astheEasternGreenlandCurrentisflowingsouthwardtowardthe
easternsideoftheGreenland,seaiceflowoutofthecentertheArcticOceanwiththe
current,bringingcomparativelymoreseaiceintotheGreenlandSeainsummerand
thusmakingtheseaiceareaindexinsummerslightlyhigherthanthatoftheBarents
Sea[21].

3.2暋ChangesofArcticseaicecausedbyexternalenvironment

TheabnormalchangeofArcticseaiceiscloselyrelatedtoenvironmentchangeof
theArctic[7,23灢31].TheArcticseaiceisinteractingwithdifferentfactorsliketempera灢
turerisinginsub灢polarregion,temperaturerisingandexpansionintheAtlanticO灢
ceanwaterlayer,seasurfaceairpressuredecreaseinwinter,phasechangesofthe
ArcticOscillation,anddipoleanomaly,etc.

Fistofall,thetemperaturechangeisthemainreasonforthedrasticchangeof
Arcticseaice.

Makshtasetal.[32]usetheclimate灢statetemperatureandthedailytemperature
toforcethesamemodelrespectivelyandfoundaftercomparisonof40yearsofaccu灢
mulativepointsthatthecontributionrateofseasurfacetemperaturechangetogener灢
alchangeofseaicewasmorethan20%。Asshowninfigure3,between1930s
and1940sandfromlate1980suptonow,theArcticnear灢surfacetemperaturepres灢
entsthetrendthatitwashigherthantheaveragetemperature.However,unlikethe
circumstanceinrecent30years,Arcticseaicedidnotdecreaseinlargescaleduring
1930灢1950.AccordingtoPolyakov,this mightbeduetotheglobaltemperature
which,asawhole,wascomparativestableinthatperiodoftime.Giventhatthe
Arcticregionisobviouslygettingwarmer,duetotheeffectofatmosphericcircula灢
tion,temperaturemaygodowninsomeotherregioninthesameperiodoftime[34].
However,duringthepastfewdecades,regionalwarmingintheArcticwashappen灢
ingunderthecontextofglobalwarming.Mostplacesontheeartharebeingeffected
byglobalwarming,amongwhichhighlatituderegioninthenorthernhemisphereis
themostseriouslyinfluencedarea,leadingtothecontinuousseaiceshrinkingin
largescaleovertherecent30years.Thereasonfortheaheadsingnalresponseofcli灢
matesystemintheArcticregiontoclimatechangeissea灢air灢icefeedbackeffect,an
importantcomponentoftheArcticclimatesystem.Longwaveandshortwaveradia灢
tiongoingdownwardsinthefeedbackprocess,nevertheless,couldbethekeyfactor
ofchangesoftemperatureandtotalamountoftheseaice
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Fig.3暋Annualaveragechangeinnearsurfaceairtemperaturefrom1900灢2008(datafromNOAA).

intheArctic.
暋暋Ononehand,thealbedoofseaiceisatleastover60%[4]comparedtothatofsea
water.Thisreducesgreatlytheabsorptionefficiencyofsolarshortwaveradiationin
areascoveredwithseaice.Thealbedoofseaicevarieswithitsstateandphysical
properties.Meltingofthesnowlayer,decreaseinseaicethickness,increaseofthe
leadsandmeltpoolsmightallcontributetothedecreaseofsurfacealbedo.Thesea
icemayabsorbmoreshortwaveradiationintheprocessofmelting.Theextraenergy
willenterintoseawaterthroughice,therebyproduceinfluenceonthemeltingand
freezingofbottomseaice.Ontheotherhand,earthsurfaceisreleasinglongwave
radiationintothespacewhileabsorbingshortwaveradiation.Longwaveradiation
willreboundtotheearthsurfacethroughcloudsandgreenhousegasesreflects,mak灢
ingtheArcticregionabsorbmoreradiationheatflux,andleadingtotemperatureris灢
ingand moreseriousseaiceshrinkingintheregion.Francis[35]believesthatthe
greenhouseeffectcausedbylongwaveradiationdownwardsisfurtherenlargedinthe
processofpolarregionwarming.Andthismightbethemainreasonfortheabnormal
changeofsummerseaiceconcentrationbetween1979and2004.

Secondly,apartfromrainfallandrunoff,theArcticwateriscompletelyamix灢
tureoftheAtlanticOceanandthePacificOceanwaters.Watersoflowsalinityand
densityfromthePacificOceanflowesintotheupperlayerofthe Arctic Ocean
throughtheonlypassage———theBeringStrait,andcontribute1/3ofthefreshwater
intheOcean[36].Recentresearchesshowthatalongwiththedramaticchangesofthe
Arcticclimatesystem,fluxandthermohalinecharacteristicsofthePacificinflow
throughtBeringStraitarealsochangingquickly[37,38].Overthepasttenyears,the
averageheatfluxofthePacificinflowincreasedingreatextent[39].Incontrast,in灢
flowheatfluxincreasedform3.87TWin2003to5.96TWin2007,withariseofover
50%.Beingaveryshallowshelfsea,theChukchiSeaisgreatlyeffectedbyPacific
inflow,especialonitswatermasspropertyandseaice.Whenenteringthemelting
period,withthehelpofleaningsouthwinds,greatamountofPacificwaterflowinto
theChukchiSea,bringingahugeamountofheatthatresultsinthecharacteristicsof
hightemperatureandlowsalinity,acceleratingthemeltingprocessinitswatershed.
DirectimpactofthePacificwaterontheupperlayeroftheArcticOceanismainly
happenedwestoftheNorthernArcticOcean,i.e.BeaufortSeaandtheCanadaBa灢
sin.Besides,thePacificinflow,whichplaysanimportantroleinhaloclinegrowthin
theArcticOcean,isalsooneofthebasicsourcesoffreshwaterinthesurfacemixture
layeroftheOcean.

OnthecontraryofthePacificOceancase,theAtlanticwaterofhightempera灢
tureandsalinityflowintotheArcticOceanviatheFramStraitandtheBarentsSea.
Duetoitshigherdensity,mostwaterflowsdownwardsbelowthehalocline,joining
inthedeepseabasincirculationoftheArcticOceanandformingthelayersofdeep
waterandbottomwater.Thehaloclinewhichlocatedinwaterlayerof50灢100meters
deepoftheArcticOceanisanimportantoceanlayeredstructureintheOcean.By
blockingtheverticalconvectionoftheupperandlowerlayers,thehaloclinemain灢
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tainsverywellthehydrologicalcharacteristicoflowtemperatureandlowsalinityin
theupperlayerwhilehightemperatureandhighsalinityinthelowerlayer.Accord灢
ingtoMcLaughlinetal.[41],incorrespondencewithseaicedistributionandthickness
changes,middleandupperlayersoftheArcticOceanwateralsopresentdistinctive
changes.Inrecenttenyears,haloclineoftheArcticOceangraduallydisappeared,es灢
peciallyintheEuro灢Asiaoceanbasin.MiddlelayerwateroftheArcticOceaniswar灢
mingupfromtheAtlanticOceansideandspreadtothePacificOceanside.Warming
ofthesurfacelayerwater,withoutdoubt,heavilyenlargedtheice灢oceanfeedback
effectandpromotedmeltingofseaiceinsummer.

Thirdly,theoutstandingchangeofatmospherecirculationchangeintheArctic
isalsooneofthedirectfactorscausingchangeofseaices.Beginwiththelate1990s,
dynamicalfactorsgraduallybecameahotspotofresearchonrapidchangeofthesea
ice.Theanomalyofseasurfaceairpressureinwintermayintensifyorweakenthe
cyclonewindfieldthatdeliverdirectimpactsonseaiceinspringandsummer,and
therebychangesseaicecirculationmode[23].Cyclonewindfieldcanalsoexpandthe
extentoftheopenwaterandthinicearea,leadingtothedecreaseofsurfacealbedo
butincreaseofsolarradiationabsorption,andthereforespeedupthemeltingprocess
ofsideandbottomseaice[25,42].Meanwhile,observationsapprovedthattheseaice
outputthroughtheFram Straitwasincreasedduetothecommoneffectsofwind
stressandseacurrents.Andthishasbecomeoneoftheimportantreasonsofseaice
loss.Overthepastfewyears,seaiceoutputfromtheFramStraithasreachedmore
than10%ofthetotalamountofseaice[43].

Inaddition,therearemanystudieslinkingtheabovementionedelementswith
suchatmosphericcirculationmodesastheNorthAtlanticOscillation,ArcticOscilla灢
tionordipoleanomalies[39,44灢47].Scholarsholddifferentviewsofwhatmodeonearth
playedtheleadingroleintherapidchangeofArcticseaice.However,theyhave
reachedconsensusonhowcirculationinfluencedchangeofseaice,i.e.:inaperiodof
time(usuallythreemonths),whenacertaincirculationmodeisinaspecificphase,it
maygreatlyintensifythecross灢polarcurrentintheArcticOcean.Undertheimpact
ofwarmandwetairandwarmedPacificinflow,theseaicemeltscontinuously.
Pushedbycross灢polarcurrent,thinnericeaccumulatesceaselesslyandistransported
quicklythroughtheFramStrait,andfinallydisappearsinthewarmerAtlanticOcean
Basin.

4暋Summeryanddiscussion

暋暋Therapidshrinkingofseaiceintherecent30yearshasattractedextensiveinter灢
nationalattentions.Scholarsfromdifferentcountriesareworkinghardtoidentifythe
physicalfactorsanddrivingmechanisminfluencingchangeofseaice,tryingtodevel灢
opandimproveglobal,regionalandpolarclimatemodesforstimulatingmoreexactly
thechangingprocess,andtopredictingseaicechangingtrendinthefuture.Howev灢
er,astimepassesby,andwiththedevelopmentofresearchworks,manyviewpoints
thatcouldbeusedtoexplaintheabnormalshrinkingofseaiceinthepastperiodare
nowinsufficienttoexplainthecurrentchangeofseaice.Lindsayetal.[27]questioned
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that'ifwewereexperiencingacompletelynewphaseofclimatechangenow暞?If,be灢
fore1990s,seaicepresentedalinearlydecreasingtrend,thenasthepositiveandneg灢
ativefeedbackeffectsbetweenseaiceandclimatesystemcontinuetosuperposing,
changeofseaicemighthavetransferredtothestateofindexdecrease.

Aspointedoutintheabovesection,inordertoexplorefactorscausingrapidsea
iceshrinkingintheArcticoverthepast30years,theinteractionbetweenthecom灢
plexphysicalprocessandexternalenvironmentthatcausechangeofseaiceshouldbe
makeclearfirst.Factorslikesolarshortwaveradiationtransferinatmosphere灢sea
ice灢oceansystem,distributionsandchangesofvapor,CO2,ozoneintheArcticat灢
mosphere,radiationabsorptionofvariouswavebandsbycloudsofdifferenttypes,
cloudsurfaceradiationfeedback[48],vaporfeedback[49]andotherimportantfeedback
effectsthattogetherformedtheclimatesystemareallneedtobeunderstood.When
solarradiationpenetratesseaiceordirectlyentersthroughthesea灢atmosphereinter灢
faceintotheocean,solarradiationalbedoonatmosphereunderlyingsurfacemaybe
influencedbythefolloeings:seaicediversity,ice灢snowsurfacestate,brineinclusion
andairbubbles,variouscrystalstructures,impuritycontentandotherelements.Ice
andsnowalbedofeedbackisthereforeformed.Besides,thefactorsmentionedinthe
abovesectionsuchaswaterexchangebetweentheArcticOceanandtheAtlanticO灢
cean,Pacificinfloweffect,feedbackofhermohalinecirculationandthetemperature
andsaltfieldatthehighlatitude,allthesefactorsmayproducemajorimpactsonthe
polarregionandglobalclimatechange.Basedontheunderstandingofthephysical
processoftherapidchangeofseaice,itcouldberealizedtoimprovetheparameter灢
izationdesignandtreatmentofthephysicalprocessofatmosphericmodule,ocean
moduleandicemoduleintheglobalclimatemodel,andtherebyimprovethereliabili灢
tyofpredictionofthetrendofthechangeofseaiceinthefuture.
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