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1．Intr血¢tion  

ThedecayofseaiceinvoIvesconplexmechamismsbecausetheheatofftwionis  
usedJlOt Onlyfbre鮎cting areductioninthickJleSSbutalsofbrfbrmingapomus  
StruCttlre．Snowtransformationonseaiceexhibitsvariousprocessesassnowonseaice  

hasalwaystransfhrmed．AlthoughtherehaYebeenaftwexperimentalstudies＆nd鮎1d  
Observationsonseaicedecayandsnowtransformation（e．g．，ShokrandBarh：r，1994；  
KawamumeJd，，1997；HaasgJαJ．，200l；Mas氾mef■Jり2001），也epro00∬eShvolved  
hs組icearenotyetcl飽ー．  

hpreviousstudiesofseaicedecay，Toyotaetat．（2000）carriedout＄hipdbserva－  
tionsinearlyFebruary1996and1997intheSeaofOkbt永・Theyconfir7mdthat  
Surfhcemeltingcanoccurinthedaytimedueto冊1arradiationcvenduringthegrowth  
period．Thissuggeststhatseaicemeltingoccurs丘equentlyiJltheSeaofOkhot疲，A  
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Watertankexper皿entCanPrOVideanidealaltemativeto鮎1dstudiesbecauseofthe  
Stableexperinentalenviro皿ment．Tisonetat．（2002）camiedoutatankexperinenton  

the growth－melt－re－grOWth cycle onbareice．They observed verticalte叩rature  

PrOfi1esinseaiceduringtheexperlmeJlt．Duringthegrowthperiod，StrOngtemPera－  
turegradientsexisted．ThetemperattWegradientstx！CamequaSi－isothermaldwingthe  
meltingperiod，butstronggradientswerereestabh血edduringthere－grOWthperiod．  
Wecamiedoutgrowth－meltexpenmentsonsnowcoverediceaswenasonbareice・  
WeobservedthetemperatureVariationsandcomparedthemwithTiw’sresults．  

hthisstudy，WeSpeCi丘canyobservedthetransitionofthesurfaceconditionsof  

bareiceduringtheJmltingperiod．Thesurfacetransitioninseaiceisthekey払ctorfbr  

understandingtheheatexchanget＊tWeenSeaiceandtheatmoq？here．Thesurface  

transition also a鮎cts satel批e dbservations．This study has fbcused oJlthe basic  
COnditionofice．Wealsoinvestigatedthetem匹mtureVariationsinbareiceandin  

弧OW COVeredice．Wも並e s仙d頭喝也e proces託S Or SnOW tm鮎血rma喧on，祉was  
Observedthatthetemperaturevariationsin朗治iceareinfluencedbythesnow．  

ヱ．Expモrlmモnt   

Figtuelisaschematicdiagramofourapparatus．ThewatertankisconstruCted  
froma15mm－thickplateofclearacrylicphstic．Itsinnerdinensionsare800×800  

mnanditis600nninheight．We創kdthewatertankwitha32‰NaCIsolution，  
whichhasafreezingtemperatureOf－1．8℃．Thewaterdepthwasnaintainedat500  
mminautheexperlnentS．Artificialseaicewasproducedusingthiswatertank．Al1  
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the sidewansandthe bottom ofthe water tankwerelined w祉hlOOmm and200mm  
thickinsulators，reSpeCtively，inordertop代Venticefbrnationonthem．Belt－Shaped  
heatersof50mmwidthweresetaroundthesidewansatthelevelofthewatersurfaceto  

PreVentthegrowlngSeaicefromadheringtothewans．Thus，theproducedseaice  
remains且oatinginside the water tank．Measurements of seaice thickness were  

perfbmed打omthesideoftheta止．Apartoftheinsulatorisrenovabk．Thecolor  

oftheinersurfaceoftheinsulatorsisblacksoastoenableaccuratemeasurementsof  

theseaicethidkness．InordertocarryOutCOntinuousmeasurementsoftemperature，  
13platinum resistancethernometers werephcedatthe cornersofthetank．The  
temperaturewasneasuredatintervalsoflOnin．  

TheexpenmentinvoIvhgthecycleofgrowthandmeltingwasrepeatedeighttimes  
（Tablel）．Duringtheexperiment，theentireapparatⅥ5WaSPlacedinacoldroomat  
atemperattmof－20℃．Althoughthereweretemperature丑uctuationsduetothe  
performanCeOfthecoolingsystemandthedeftosterinthecoldroom（Tablel），the  
increaseinroomtemperattrreCauSedbythedefrosterdidnota鮎cttheexpen叫ent  
becausethisincreaseoccurredodyat12hintervalsandcontinuedfbrlessthan30min．  
ThemaximumroomtemperaturereCOrdedwas－12℃，Theicethi血esswasmeas－  
uredjustpriortomelting（Tablel）．   

Inanthee甲rimentsexceptexperimentsland8（Tablel），Wemixedthewater  
withastiuerinordertoproducetmifbrmsalimityandfhcilitatetheforutionofa  
granl11arlayerintheseaice．Anotherdbiectiveofthemimigwastoenablecompanson  
Ofdi鮎renttypesofmeltingphenonenathatariseduetovariationsinthestructureof  
紀aice．Ine甲【皿entS2，3，and4，血een血es血CtWeO一班aicewas∞mp伽妃dof  
granuhriceonaccountOfthecontinuousmimig．Weco血edthisintheprevious  
experinentunderthesameconditions．Inexperiments5，6，and7，theupperstruC血re  
COmPrised granularice，Whne the adjacentlayer comprised cdtLnJlarice．  
OCCurredduetocessationofmixingatthepointwhenthegranuhrlayergrewto3cm．  
IfthemⅨ皿gWaSnOtperfbrnedduringtheseaicegrowth，aSinexpennentSland8  
（Tablel），WeCanpm血∝a或ructⅦ托00叩駆d亡n血e呼ばcoluⅡmarice（Kawamum  
eEat．、2004）．Duringthe meltingIXriodin experiments2，3，and4，there was8  
turbulent且owundertheice．WetriedtoobservethemaJmerinwhichtheturbulent  

且owa飴ctedthemeltingofseaice．InexperlnentS4and5，WeraPidlyincreasedthe  
roomteznperatureto＋5．50c±1℃withinashortperiod（approxinately7h）tofhcni－  
taterapidmelting．Themeltingrwooes㌍Sinthesecaseswereapproximately8to14h  
fa＄terthanthoseintheotherexperiments．Thepurposeofthesetwocaseswasto  
COnParethee鮎ctofthemeltingrateontheseaicemeltingprocess，  

We also mea飢Ired the re且ectance ofthe surface ofbareice underfive diBrent  

COnditionstodbservethetransitionusingas匹CtrOmeter（Ocean（）pticsInc．，PS－1000）．  

There且ectancemea＄urementWaSrepeatedthreetimesusIJlgaWhite画ateasareftrence．  
Thedistancebetweenthesensorandthebare＄eaicesurfacewasappmximately15cm．  
AhalogenlampwastlSedasthelightsource．However，thee鮎ctofthewhiteplateis  
lgnOredin this paperbecaⅦ紀We u馳drelative reAectance．The maxinalvalue of  
re且ectancepriortotheonsetofmehingwasasstlmedtobelandthere鮎ctaJICeWaS  
de触d as standard，The trend of the surface condition transition was detemined  

u乳ngtbere且ecね血伴Va血tions．   
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T払おJ．蝕椚mdヴす鮎卿如e血  

Roomtemp．Roomtemp．Ice bight D8rk  

No．M血gSnow（伊州血） （mdt） 鵬¢b¢瓜弧血＊ 血e＊  Remarks  

℃  ℃  cm boⅦr hour  
1 No No －17．0±2 ＋7．0±2 19  

2  Yes No －17．0±ヱ ＋7．0±2 19   

3  Yes No －17．0±2 ＋7．0±2 1占  

4  Yes No －17．0±2 ＋5．5±1  柑   

5 Y鰐 No －17．0±2 ＋5．5±1 1三   

石  Y朗 No －17．0±2 ＋6．0±1 10  

17．2  ヱ3．9 Nom奴ing  

19．7  ユ9．7 M址hgw串¢Ontintldnn現  

地oendortbe既pdm倒It．  

16．9  加．3 M汰ingwびCOn血udⅦn混  

血eendo一也¢∝pdm仁mt．  

7．4  ユ0．5 M汰i喝W準¢OntinⅥdnn現  

地¢¢ndortb¢餌pばim¢nt．  

7．0  17．0 血gw串或Op匹dwh七山  

瑚i¢¢tbicb問ぬm¢3¢m．  

15．3  29．O Mkin塵W鮎或Oppdwb¢n  

引治ic¢tbicb問ぬ8m¢3cm．  

7  Y倒 Yes －17．0±2 ＋7．5±2   8  21．2  

8  No Yes －17．0±2 ＋占．0±王  台．5  ヱ0．8  

M誌ingw耶或op匹dwh¢n  

引治i¢Otbi血○瓜b¢C8m¢3cm．  

Nom血g  

■：Bd由t＄W触：eCQ汀闇匹ndstoBhFi騨．2，3，4，5狐dEinFi夢．占，7．  
擁：D町ks血¢印∬闇pOndstoCinFi騨・2，3，4，5．  

hexperlmentS7and8，thee鮎ctofsnowcoveronseaicewasinvestigated．The  
弧OWWaS∝，鮎cted血也ewhterseasonandwas匹e紀Ⅳedha∝止droom．Itsde鮎祉y  
was200kg血うanditstem匹ratureWaSaPPrOXimately－200c・hordertoproduce  
snowcoveredseaice，WeCreatedartificialsnowfa11．Weusedasnow－filledvesseland  

Shookitto disseminatesnowontheseaicefbmaheightof50cm．Thearti＆cial  
＄nOW払IIproducedalOcm－thi戊s皿OWCOVerOnthe6cm－thidkseaicein30min．  

3．ResⅦlt＄8mdd．i就uSSion   

j．J．助′eぬe  

Tbebareicemeltinge甲rlmentWaSrePeatedsixtines．Thetran威tionofthe  
Surface印mditionswasdbservedbyvisualobservationsandre鮎ctancemeaswements  
（rowslto‘hTablel）．  
3．1．1．Swhceconditions  

Figure2血owsphotqgraphsofthesurfacetransitioninbareice．A，B，andC  
CO叩dtoA，B，andCinFigs．3，4，and5．  

Duringtheibareicemeltingexper皿ent，theicesu血ceimitiallybecamewetand  
rough．Next，aPOrOuShyerwasfbrnedunderthesurfhce．Thethi血essofthis  
layerwasapproxinatelylcn．Its払rmationwasobservedinanoftheexpenments．  
0wing to the porous strwture，light was scatteredin thelayer．Thu＄，thelayer  
appeiLredzLSabrightsurfhce．Reg＆rdlessofthemeltiJ）grate．theicesu血cebecame  
roughandwet，Moreover，athinscatteringlayerwasalsoわrmed．Thebrightsurface  
WaSr甲h¢edbya由比onea鮎ー虻VeralboⅦ邦bcaⅦ5etbes¢atte血glayerva血sbeda5  
melting progressed．With托gard to the e鮎ct ofmixing，We did not observe瓢町  
di鮎renceinneltingofthediBre鵬Seaicestructures．InTablel，Valuesfbrbright   
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anddarksurfacesindicatethetimetakeAfbrthefbrmationofsuchasurfacecondition．  

ThetinetakenforthefbrmatioJlOfthebrightsurfhcewasrecordedaftertheroo皿  
temperature reached OOc while that fbr the dark surface was recorded after the  
appear姐αOrthebdg如和地00．  

Figure3showsthere且ectancevariations，Tbere且ectancedec∫eaぷedimmediately  
aftertheonsetofmeltingbecatwetheseaicesurfhcebecanewet（Ai）．However，When  
thebright和rfaceappeared，there且ectanceiJICreaSedincomparismtoitsvalueatthe  
StartOfmelting（B）．Asthemeltingprogressed，adarksurfacewasfbrnedandthe  
re且ectance decreased again（C）．During the hst halfofthe meltingperiod，the  
reAectancewassigJlificantlyreduced（D）．Thesevariationsinre且ectanceweremea→  
Suredconsi＄tentけinanofthebareiceexper皿entS．  

SinceaporoⅦ51ayerwasfonnedalongwithani皿erCavity，thereisathiniceplate  
atthesurfaceoftheporouslayer．Thus，aCaVityexistsbetweenthethinice画ateand  
theseaice．Thethicknessoftheiceplateandthedepthofthecavitywereapproximate－  

1y O．2adld O．8cm，re甲Ctively．The salimity ofthe thinice画ate wasl‰．The  
existenceofas鵬celayerwithneadypureicestruCtureissl唱geStedbytheexperlmen－  

talre印1tsofKnight（1962）．Itisconsideredthatthephenomenacontributetothe  
fbrnationofaporouslayer．Tbed？tailedmechanismoffbrmationoftheporouslayer  
isclearerfbmathernalper可絶Ctive，SOWewillreturntOthistopicinthefonowing  
SeCtion．  

3．l．2．TemperatureVariations  
FigureS4and5＄howtypicalresultsfbrthecaseofbareice．Figllre4showsthe  

temperature variation and Fig．5血ows verticaltemperature profiks．The results  
COr托甲Ondtoexpedment5（Tauel）．   

In e甲rlnent5，there werelarge tem匹rature di鮎rencesbetween the sensors  
durinBthegrow血匹riod．Seaicegrowthwasanowedtocontintletlntilathicknessof  
12cmwasattained．Sub紀quently，WeCOmmenCedthemeltingexpennent，Theice   
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temperatureWaSincreasedrapidlyandbecamealmostsamebecauseofwarmingffom  
thesurface（Fig，4）．AfteraboutlOOh，thesensoratthetopoftheseaicewasexposed  
asaresultofsurfacemelting．Ontheotherhand，thetemperaturegradientsbecame  
Smallaftertheonsetofmel血g（Fig．5）．VerticaltemperattFePrOfilesofseaiceduring  
themeltingpさriodwereobserYedthroughbothtankexperiments（TisoneLaL．．2002）  
and丘eldobservations．ShokrandDatber（1994）carriedoutdbservationsoffirst－year  

iceand multiyeariceinthe ArcticOcean duringthemeltingperiod．Thevertical  
tenperattlrePrOfi1esindicatedthatthetemperaturegradientsbecomequitesmallfbr  
bothicetypes，regardlessoftheicethickness．Tison’sresdtsshowthe組meVariation  
Ofthetemperaturegradients．  

During the meltingperiod，We Observedthee seaice fbrmation ftatures：（1）  
fbrmationofporouslayer；（2）delayofreductionofthethickness；（3）continuing  
growthofseaiceafteronsetof皿elting．Thesephenomenaapeartobeattributabkto  
thee飴ctofbrinepocketsasthermalb漉rs（MaykutandUnter或einer，1971）．Wi血  
regardstothem，Wedbservedthefbllowng．  

First，the porouslayer was fbrmed when the temperature gradient became  
Sigmificantlysnan（BinFigs，2and5）．Themechanismcanbeeヨplainedffomthe  
VleWPOintoftemperaturegradients．hte皿PeraturegradientDinFig．5，thedirections  
Oftheheat8uxatthesudaceandbottomweredownwardandupward，re甲eCtivモ1y．  
TheheatAuxstagnatedinseaiceandcreatedcaviti朗．Althoughthisinternalme比ing  
mightbe expected to accelerate the verticalbrine draiJlage，therewas only alitde  
draiJlageinthe飢Irfacelayerofseaicebecau紀thetemperatureWaSStillcold．DlletO  
thebrine drain＆ge，aPOrOuSlayerappearedatthe seaice飢1rface．However，the  
directionoftheheathxchangedtounifbrmlydownwardwiththeprogressofme址hg  
（CinFig．5）．Thethiniceplatedisappearedduetothisdownwardheat且ow丘omthe  
atmo甲here．Thus，theporouslayer，andconsequentlythebrightsurface，disappeared  
andwe托托Ⅰ血cedbyada止su血ce（C血Fig．2），  

Second，thereduGtionofseaicethichessdidnotcommenceimmediatelyafterthe  
roomtemperaturereaChedO℃．However，aSurLhcetransitionandadrasticchangein  
馳aicetem匹mtWeprO丘ks叩匹areda鮎一也eon虻tOrmel血g．nus，tbeavailaue  
heatappearstobeusedtoa址erthethermalconditionsoftheseaicebefbree鮎ctinga  
reductionin thickness．The changing thernalconditions of seaicemight cause  
Variationsin the brine volume．hcrease ofbrine vobme would cause a delay n  
redⅦCtionortbe血i血ess．  

Third，inthepresentstudytheseaicegrewO．5cminthedownwarddirec也oneven  
aftertheonsetofsurfaceultingbeGauSethete山peraturegradientofthegrowthperiod  
PerSistedduetothebrinethernalbdbr（BandCinFigs．4aand5）．Thebottomof  
theseaicebegantomelt41hafteraroomtempratureofO℃wasreached（DinFig．  
4）．Thiscontinuousgrowthandtimelaginseaicedecaypossib吋indicatestheroleof  
b血epock¢tSaS也emalb曲m．   

J．Z 助¢Wぐ○γer由血e  

Experiments7and8invoIvesnowcoveredice（Tablel）．InTablel，thebright  
Surfaceindicatesthetineelap＄eduntilthefbrnationofporoussnow－ice．hcidentalけ，  
the surface ofthesnow coveredseaice didnotbecome darkbecausebrittle snow－ice   
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PerSistedontheseaicetntiltheendoftheexper皿ent．  
3．2．1．Sur払cecondition5  

Duetotheloadofthesnowontheseaice，theicewasfbrceddownandsubmerged．  
Theentiresnowcoverontheicewasconvertedintoslush Theaveragethicknessof  
也e slu血was9cm．However，也e sh血re丘oze㌍VeralboⅦrS bter a皿d fbmed  

snow－ice，Theaveragedensityandthichessofthissnow－iccwere650kg皿‾3and7  
Cm，re甲eCtiveけ．However，thesnowjcebecameporousandmechamicallyweakas  
melting prqgressed・The weakeming ofthe snowjce suggests thatthe mel血g of  
snow－icecomnenceswithalterationofitsinnerstnlCture．  

3j．ヱ．TemI絶ratureⅥl血tions  

Weremarkontherelationshipbetweentem匹ratureandtime，andthevertical  
temperaturegradients．TypicalresultsareindicatedinFigs．6and7，reSPeCtively・  

hFig．6，theseaicetemperaturehcreasedimnediatelyandbecamealmostsame  
afterthesnowfall．Next，thetemperattlreOftheseaiceandsnowdecreased．After  
血eon駈tOfmel血g，the㌍aicetem匹m血托血c托a虻dandbcamealmost姐meaS鱒en  
inthebareiceexpcriments．However，thetem匹ratureOfsnowcoverediceincreased  
slowertban仙atd－bareice．h也ep托紙皿te甲ー皿ent，mel血gprogre∬ed丘om也e  
飢lぬcedownward．Therefbre，SeVeralsensorsnearthesurEaceoftheicewereexposed  
after some time，Other studi¢S havc also revealed simihr temperature vari  
Taki2aWaandWakatsuchi（1982）conducteda鮎Idexperinentinahgoonduringthe  
growthperiodoftheice・Theirresultsindicatedthatseaiceb餌OmeSWarnduring  
SnOWfa11，butits temperattLreis redtlCed due to sb血fbrna也on．The temperature  
increa駅dandtxcamealmostsamewhenthcairtemperaturerosetoalmostO℃inthe  
daytine．Thesetem匹ratu托Variatio鮎areCOn由tentwithourresults．Weconsider  
theteJnPeraturCVariationsin＄nOWCOVerediceduringthegrowthandme址i喝periodsas  
importantparametersbecausethesedatahavecontributedunderstandingofthemech－  
an由moftbemel血go一皿OWCOVeredi¢e．  

Therelationshipbetweensnowtransfbrnationandvariationsinitste血Perature  
WaSdbserved．Atypicalre飢IltisshowninFig．7．ThetemperatureBradientsinsnow  
OnSeaiceexhibiteddrasticvariationscompa托dwiththosewithintheseaice．Inne－  
diatelyafterloading snowonseaice，thetemperaturegradientwasdbservedtobe  
Signi＆cantlylarge（B）．AlthotLghthe gradient decreased sigmificantly due to slush  
fbrmation（C），itoJICeagaiJlbecamesteepowingtosnow－icefbrnation（D）．During  
themeltingperid．thegradientsbec8meSlightlyfk－Sitive（EandF），Thedependcnce  
OftenperatureprOfi1esonthebehavioroftheseaicetem匹ratureVariationsandsnow  
transfbrna喧on hasalsobeenobservedintheAntarctic（HaasetaL．，2001）．Their  
result＄，e甲eChllytheteJnPeratureprOfi1esofsAOWandseaice，are Simihrtoours・  
However，thestructureofsnowintheirstudywasmorecomplexthnthatinourstudy  
bcaⅦ鑓也血弧OWCOVerW舶mtCOmpktelyalteredbys血merge皿掟andwas∝皿pO沈d  
Ofseverallayers．Severaldi鮎代ntSnOWp叩血sa飴ct血ebeatexchangeb匝een  
waterandtheatmogherethroughtheice．nerefbre，itisnecessarytoinvestigatethe  
e飴ctsofdi飴renttypesofsnowonthethernalvariationofseaiceingreaterdetail．   



N a tlo n al In＄tlt u t e o r P ola一 食e＄e ar C b  

117  取即戚琉onof曙8ic¢dnringmdthgpro¢鱒  

卯  100   

¶加帽（h飢l巧   

梅丘 蝕印せ劇鞄4ぬIカⅧ肌用研憫“抑柚血托叩m申附加加叩〃可部叩血画h慮  
肌用糾舶血邸仇房仲＝叩押血腔併用…＝刑刑＝諷 上賊助か瑚加■血狩〃〝伽  
∫e肘○搾血g如打払鞄J．艮猟紺ね（乱」」スj■扉す加地㈹わ矧机加陛畑椚Ⅷ摘I鮎  

加劇臥姉汎肌研ぬI血 侮伽相即IT甲撤血わ鞄乙  

－10  －＄  O  

Tompo帽山帽（℃）  

ー15  

鞄乙 助〝紺舶確．i血‡♪r抑W融仰血．俺鵬ぬ日加叩併抽椚り叩卿転句トm畑  
c仰飢房血 乃e卿相関加わ舶 W卵虚卿■紳助秒．加ゆ加ぬ蝕  
仲間別dわ梅丘 乃¢ゆ卿∫椚す恩鵡dダ血k扉ぬ描g∬耶脚  
叩d血給わタ耶q／椚8血   



Ⅳa t10n alln s tlt u t e o f P ola r ‡e5e a r C h  

118  S．文句imちT．K椚帽mⅥ∫8∴札ndH．Enomoto  

4．Comcll鱈ions  

Wecarriedoutmeltingexperinentsonbareiceand弧OWCOVeredseaiceinawater  
tankinordertounder＄tandthemechamiBmOftransitionofsurfaceconditions，tranSfbr－  

nationofsnow，andtepperaturevariations．Theresultsare引1mmari2X，dbelow：  
hthebareiceexperlment，Wedbservedtransitionofthesu血ceconditionduring  

themeltingperiodthroughvisualdbservationsandre且ectatLCemeaLSurenentS．A魚er  
the onset ofmelting，the surhceinitiauy became wet払nd rough．Subsequent）y．a  
poroⅥ51a叩rWaS払medunder也¢SWぬcewi血a血i血e硲Of叩prO惑ma脆け1cm．  
Since the struCttLre WaS POrOtlS，light was scatteredin thelayer．Ths，thelayer  
appearedasabrightsurfhce．Althoughthere鮎ctancewasreducedoncc，duringthe  
initialperiodofmelting，itincreasedlaterduetotheappearanceofthebrightsurface．  
When thesurfhccconditiontransiti（1nOCCtured．these8io亡temPeratureeXhibiteda  
largechange．Thesurfacetransitionandtemperaturepro負1essuggestthatth¢heatof  
fusionisusedfbrcreatingaporousstructurepriortothethicknes＄reduction．  

Thenowonthe＄飽iceunderwentacomplextransfbrnation，anditstemperature  
Variations were drastically di飴rent fromthose ofthe seaice．Afterthe onset of  
melting，aS㌍eninthebareiceexperlmentS，theseaicetemperatureincreasedand  
becamealmostsamc．However，thetemperatureofsnowcoverediceincreasedsIower  
thanthatofbareice．Thetemperaturegradientsofthesnow－iceweresignificantly  
reduced．Thicknessreduc也onofsnow－icei＄eXPeCtedtocommenceafteralterationof  
theinnerstruCturebecausesnow－icebecomespqousandmechamicallyweakbefbreits  
tbi血e路dec托aSeS．  
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