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Abstract  

Thevariation of2201ユtletglaciersofHielo Patag6nico Norte（NorthernPatagonia‡cefie瑚  
be紬een1993／94and1995／96ⅥraSelucidated，andtoget壬1erWiththeresu始ofthepreviousstudies，the  
＼†ilriatioIISincEL19甘パ5wasdiseusstLdi11COnjunctionwitIltheclimatedata recorded attwonearest  
StationslÅlthoughtherecessionhascontinuedatmostglaciers，therecessionrateshavedec王ined  
Since1990・Duri喝theperiodof1994仙96，therecessionratesofmostglaciersIocatedontheeastern  
Sideof洩eice蔦elds王oweddovn，Wi也twogiacierssii長かtlyadvanced，Whiietboseof払egiaciers  
locatedonthewesternsideslightlyincreased，COmparedtothepreviousstudyperiodof1991M94．It  
appearsthatthereisa＄1ightdifferenceinresponsetimetoclimatechangesbetweenthoseglacierson  
thewesternarldeasternsidesoftheicefield．Theclimaticrecordsshowincreasesinpre軸itation  
血パ喝tbe1970s・T主1eSlowing鵬downoftberecessionraもesof洩eⅥr鴇ternglaciersduring199ト94  
andtbatoftheeastemglaciers血ri喝1994…96凱唱嘗eSttbattbeyrespondedtotbepreこipitation  
increasewithatimelagofabout2Oand23years，reSpeCtively．Heavilydebris－COVeredg重aciershave  
COntinuedtowastedownbefore＄tartingtoretreat．Thesnoutdisintegrationinaproglaciai‡akedtle  
toadrasticincreaseincalvingra略probab王yadelayedrespoIISetO払eclimatecbar喝e，prOducedan  
apparentiargerece盗ion at a良wgiaciers，Theice volumeiosもbytbe recession主n51yearsis  
estimatedat6，4to19．2km3，Wbereas払atbyt壬血ni噌tObe212to291km3．  

1．lntroduction  

ThispaperisthecolltinしIati（11＝正a stud）TOn the  
glacier＼TariationofIlieloPatag6nicoNorte（Hl－N、Or  
Northern Patagonia‡cefie主d），Which startedin1983  
（A‡扇ya arld Enomoto，ユ986a，1986b；Åniya，1988；  
Aniya，1992a，1992b；Ⅶ－ada and AIliya，1995）．Iti§  
importこInt tOmOllitorglaeier＼・ariations，pal・tjcularl）ナ  
those of temperate glaciers which are supposed to  
respondquickly tothechatlgingclimate．  

TheI）atagonia lcefield comprises Hielo  
Pat昭6nieoNorteandHieloPatag6nicoSur（HPS，Or  
Southern PatagoniaIcefield）．The王iPNislocated  
betweenlatitudesof46030’Sand47日30ナSaionglongi～  
tudeof73■30’W，＼、▼ithallareaOfi200kTll：（Figs．1and  
2）．Itbas280utletgはciersⅥri払anareaiargertharl  

5km2（Aniya，1988）andthevariationsof220fthose  
glacierssincelg44／45havebeenmonitoredunti11993／  
94．  

Wef］ビWOVertheHt－Ndllrillgtheaustl－alsummビr  
Of199野96tolocatetbesnoutpositionoftheouも厨  
g王aciers．Itistbepl汀pOSeOfthispapertoeiⅥCi（jate  
glaciervariationsbetween1993／94and1995／96，and  
discuss，t曙e払er wi払払e results of払e previous  
Studies，thecharacteristics of the glac主er varia如ns  
Si11Ce19L11！；45．inconjunction≠▼ilhclil11ated；ltこl．We  
als（｝eStimatethe＼TOltmleLOficelostin51）▼e；lrSdtletO  
也erecessionandthinni王唱．   

2．Method  

Hand held．obliqueaerialphotograpllSOfglacier   
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Fig．1．OutletglaciersoflIieloPatag6nieo Norte．  

Fig．2．Bird・sqeyeviewofHieloPatag6nicoNorte・Lookingfromsou軋 Generat・   
edbydrapingtheLandsatMSS（Feb．9，1987）overthcDEM（DigitalElevation   
Model，250mcontourinterval，OftheHPN）・   
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SnOutSWeretakenonNovember27，1995，With35mm  
CameraS，PhotographsofGlaciarHPN3couldnotbe  
taken，however，duetolocalinclementweathercondト  
tion，These photographs were first compared with  
Verticalaerialphotographs takenin1974／75at a  
nominaiscaleofl：70，000andtbesTlOlユtpOSitionⅥraS  
Carefullylocated onthevertieaiphotographs，Which  
WaSinttlrntranSferredorltOtbetopograp壬1icmapata  
S亡ale ofl：5州OL）．This111aP pOSition wこIS then  
COmparedⅥ7itb血epositionpiottedfor1993／94（1好ada  
and Aniya，1995）．Before superimposing these two  
maps，photographstakenin1993and1995werecare－  
fu11y comparedin detailto determine whether the  
glacier retreated or advanced．In this process，We  
found some mistakes orlユnCertaintyin the1993／94  
positionsduetoimagequalityforsomeglaciersand  
Weeitherlocatedthenewpositionorchangedtotてno  
data”．  

Sineehand－heldphotographsareoblique，tlSlially   

lookingupstream，thedelineationoftheplanformof  
thesnoutedgecannotbeprecise．Inthissense，Slight  
Cha喝emaynOtbesignificant；however，Whetherit  
hadretreatedoradvancedisreasonabiycertain．  

T‡ieVariationintwoqtはntitie＄VaSmeaStlred：  
area change and distance．Althotlgh the distance  
Changeisintuitivelyeasiertocornprehend，thedisctlS－  
Sionis based on払e area cbange for two reason＄．  
Firstly，tbepositionoftbesnotlta食er汰eretreator  
advanceisseldom parailelto the previollS pOSition，  
andsecondly，withtheareachange，WeCaneStimate  
thevolumeoficelostorgainedduetotherecessionor  
advance．  

3．Results and Discussion  

Tbevariationinareabetween1993／94aIld1995／  
96（hereafterreferredtoas1994and1996，reSpeCtive－  
iy）isiistedinTabielaiongwithtbepreviotlSVariか  

Tablel・Glaciervariation＄OfHieioPatag6nicく）Norte（arealostinkm2witbtbemeanannua呈rateinparetbeses）  

Glacier  1945【96  1945｝75♯  1975山86＊  1986伽91薦  199二卜94＊＊  1994－96  
NortherれSide  
Grosse  
WesterれSide  
Reicher二NE  

：SW  
Glユa】as：N  

：S  
S鋸1Rafael  
SarlQui‡1tin  
Benito  
BPN 1 
lll｝Nこ】  

HPN 3 
So11tIlerれSide  
Steffen  
Ea眉tern Side  
Piscis  
Pared Sllr  
Pared No珪e  
Arco  
Coionia  
Cachet  
Nef  
SoleI・  

1．ビdn  
Fiero  
Expioradores  

1．02（仇020）  0．39（0月13）  0．22（仇020）  0  0．13（0．042）   0．28（0．140）  

2．38軋047）  0．6ユ（0，020） 1．柑（0．ま07）  0．47払094）  
3．97（0．078き   0．36く0．012）  0．64（0．058）  0．94（0．188）  
0，88（0．017）  0．13（0．0004） 軋19（0，017）  0．14（0．003）  
0．65（0．013）  0．17（0．0006） 0．35（0．032）  0  
12．00（0．235）  3．56（0．119）  4，83（0．439）  3．60（0．720）  
12．45（0．244）  7．50（0．250） 1．20（0．109）  3．30（0．660）  
1．59（0．031）  0▲66く0．022）  0，07（OtOO6〉   0．58（0．116）  
3．17（0．062〉  1．75（0．058〉   0，37（0．034）  0．91（0、182）  
2．89（0．057） 1．41く8．042）  0？  1．45（0．290）  
1．47（0．032）  0．22紳．0007） 0．41（0月37）  0．84（0，168）   

5．06（0月99）  2－42（0．081）  0．39（0月35）  0．88（0．176）   

0．51（0月10）  0．49（0．016）  0．02（0．002）  0  
1．69軋033） 1．42（0．047）  0．27（軋025）  0  

0月7（0．025）   0．05（¢．025）  
2．02（0．673）  0．阻（0，004）  
0．17（0．056）  0発25（0．125）  
0．13（0．043）   手車  
0．0006  0，01（0．007）  
0．16（0．052）   0．29（0．145）  
0，05（0．016）  0．23 縛．115〉  
0，06（OtO19）  0．08（0．842〉  
no data O．03（0，016）  
no data  no data   

uncertain♯1   1．37（0．274）   

0．01（0．003） aO．01卜0．005）  
0  0  

0．007軋002）  0．003（0．00ま）  
0？  0．48（0汁240）  
0，18（0．061）   0朗（0．022）  
0，23（0，077）   0．05（0．023）  
0．45（0．ユ49）   0．65（0．325）  
0．16（0，054ラ  O  

uncertairlヰ2  aO．礪（－0．012）  
uncertain♯3  0．12（0．024）  
0  0  

1．29札026）  0．97縛＿032）  0朗（0，004）  
0，媚（0，009）  0？  0？  
2．01（0．039）  0．97（0、032）  0．12（0．0ま1）  
4．04軋079）  2．68（0．089）  0．44（0，040）  
3．66（0月71） 1．46（0，銅9） 1．12（0、102）  
l，13（0▲022）  0．38（0－013）  0．16（0．015）  
0．34（0，007〉   0，02級08¢07） 0，19（0．017）  
0．39く0．003）  0，15く0．0005） 0  
0．81（0カ16）  0．16（0，0005） 0．65（0．059）  

¢．27（0．054）  
0？  
0－70（0．140）  
0．64（0．128）  
0．56（0．112）  
0．43（0．086）  
0，19（0．038）  
0，12阻024）  
0  

Toね1  64．46（仇055） 27．朗（0月40） 12，86（0．051） 16．02（0．139）  3．83（0．071）  3．87（0．102）   

Sources：＊Aniya（1992），＝WadaandAniya（1995）  
♯modifiedinthispaper．Oldvalues：♯1（130），♯2（0．02），♯3（0肌）  
♯♯combinedto N  
a：a（ivar】Ce  
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3．ヱ．I侮おチⅥぶg（ね  
Glaciar San Rafael，One Of thelargest outlet  

glacieroftheHPNwi払anareaof760km2，Sbow′ed  
Very Slight rptreat between1994and1996．1t had  
beenretreatiTlgatthefastest rateinthe Hf）Ni11the  
late198Os；butvirtuailystoppedretreatingsince199l，  
andaround1992evenaslightadvancewasreported  
（Warren，1993），Wada and Aniya（1995）found that  
between1991and1994，aSmallpartslightlyretreated  
Whileanothersmallpartadvancedslightly；however，  
thesechangesmightbeduetothetimingofphotogra・  
phing and calving activities．It may be said that  
GlaciarSan Rafaelhasbeenfairlystablesince1991  
（Fig．祖 Tiユisstabilitycouldbeduetoadecreasein  
Calvingrate，aSthepresentsnoutpositionappearsto  
be ciose to the bedrock－Wateri戒erねce，inferring  
fromthe4：hangeinthesurfacegradient．  

GlaciarSanQuintin，anOtherlargestglacierinthe  
HPN，has beenloosing mass ofice throughdown  
－WaStinglnreCentyearSaSWellasthesnoutretreat．  
The accelerated retreat rate during1994－96 was  
CauSedbytheretreatatthesouthernsideinaprog・  
1aciallake．WinchesterandHarrison（1996）reported  
anadvanceof150mbetween1991and1993fromthe  

tions（Aniya，1992b；WadaandAniya，1995）．Fig．3  
depictsthesevariationsforvisualassessment．  

ThoseglaciersIocatedonthewesternsideofthe  
HPN had retreated at slighttr faster rates than the  
previolユSSttユdyperiodof1991－94．Ont壬1eOtberbarld，  
those on the eastern side hadvaried rates；retreat  
ratesofsomeglaciersdeceleratedwhilesome other  
aecelerated，Withtwoglaciersevenadvanced．This  
isalsodifferentfromthegeneraltrendbetween1991  
and1994．  
Although the recession rates of glaciers on the  

WeSternSidewereslightlyfasterduring1994…96than  
1991M94，theserates arestillmuch slower than the  
periodbetween1986－91，indicatiI喝thattheslowing  
down of the retreat co‡1tinued．Tbe eastern side of  
the HPN found seヽ・eralglこICiers whose retreat rates  
badsioⅥreddown．Fromthesecbaracteristiccbanges  
Oftheretreattrends，itmaybesaidthattheglaciers  
Ontheeasternsiderespondedtosomeenvironmental  
Changeslaterthanthoseonthewesternside．Onthe  
Whole，itisevidentthatuntil1991ther．etreatingrates  
Ofthemostglaciershadbeenaccelerating；however，  
Sincethen，therateshavesloweddown．  

1985   
▲86  

1995  
’91’94▲96  

1945  1955  1965  

ぎig．3．Giacier variatio11SSince19舶〆ヰ5．Tbedistancebetweentwo ticks on tbe  
rigbtaもsci∬aindicate＄anareaCbangeく）flk王n2．   
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ぎまg，4．Varia貞onofSarlRafaelGlaciers室nce1983．Betvee111983／84and1998プ91，  
洩e giacier retreated very rap三diy；bowever，Si王1Ce1990／9ユ，ぬe giacier snout  
changedverylittle．Notetheleftfrontforcomparison（A11photographs were  
takenbyAniya）．  

ground observation at the westernmost front．The  
variation trends of Giaciar San Quintin and GIaciar 
San Rafaelsince1986aresimiiar．  
GlaciarGualascalvesintoaproglaciallake．Up  

to1991，itcalvedintotwolakes；however，by1996the  
glacierareaseparatingthetwoproglaciallakeshad  
retreated，ねrming a cbannelbetⅥ7een t‡lem．So，in  
tbestatisticsof1996，払esnoutwastreatedasasi‡lgle  
terminus．Withtheaidof1995and1990photographs，  
thesnoutpositionin1994wasmodified．Theretreat  
rateduring1994－96wasO．125km2／yascomparedto  
O．1km2／ybetween1991and1994．Theseratesareby  
ねr王argertilantberatesbe払re1991，Tbeacceieraト  
edretreatcontinued，  

The southwestern terminus of Glac主ar Reicher  
disintegratedinaprogiaciallakeduring1991－94，arld  
in1996，thesnoutcouldbealmostregardedasasingle  
tcrminus．Since the retreat rate ofthesouthwestern  
SnOutWaSOnlyO．004km2／yafter1994，andtherateof  
thenortheastern snout was O．025km2／y，theglacier  
SeemStO have reached a n印7equilibrium after tbe  
SれOl止disintegratiolュ．  

GlaciarSteffenexperiencedrapidcalvingretreat  
in a proglaciallake between199land1994．How－  
ever，thesnoutpositionin1994inthepreviousstudy  
（WadaandAniya，1995）wasjudgedtobeuncertainin  
軌isstlユdyandtIleStatisticsveretakelュforaperiodof  
1991－96，Infiveyears，a王1areaOfl．37km2vaslost   
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；however，about95％ofthiswasprobablylostby  
1994．  

3．2．払おγ犯Sんわ  
GlaciarNefshowedalargeretreatbetween1994  

and1996due to snout disintegrationin a proglacia1  
1ake，after years of snout narrowing rather than  
retreating．Asimilarpatternofdisintegrationoccur－  
red at the southwestern snout of Glaciar Reicher  
between1991and1994andatGlaciarSteffen（Wada  
and Aniya，1995）．They are seemingly against the  
recent trend；but these are probably a delayed  
responsetoclimatechanges．Thefactthatthesnouts  
Of these glaciers had been narrowing rather than  
retreating stronglyimpliesthatthe snout had been  
pinned down by the subaqueous topography，mOSt  
likelymoraines．Withthecontinuednarrowingand  
thinning，the glacier finally reached flotation point  
andthendisintegratedrapidlysoonafter．  

The apparent snout position of Glaciar Soler  
Showsnoparticularchange，butfromthefieldworkin  
December1995，itwasfoundthattheareawithinlkm  
from the apparentsnoutis deadice and theborder  
between activeice could be clearly recognized．  
Thesechangeswerenottakeninthestatistics，how－  
ever，because at other glaciersin a similar state  
groundcheckscouldnotbedone．  

GlaciarColoniahasafewlinesofthrustmoraines  
infrontofthesnout，aSWellasontheglaciersurface  
near the snout，indicating the continued recession．  
Thrustmorainesarecommonlyformedattheborder  
betweenthedeadiceinfrontandtheactiveicebehind，  
indicating a feature associated with the retreating 
glacier（Aniya，1987）．  

GlaciarPiscisandGlaciarLeonshowedaslight  
advance during1994－96．These glaciers had been  
retreating，although1ittle，duringtherecentyears．   

3．ユββ∂γね－Co〃β柁dg由cグe柑  
The snout of Glaciar Arco seemingly remained  

almostthesamesince1945until1994；however，the  
debris－COVeredareaatthesnouthadsteadilyenlarged  
duringthatperiod．In1996，itwasjudgedthatmuch  
Ofthedebris－COVeredareawasdeadice（ificeexists  
underneath）and the glacier was considered to have  
retreated．Fig．3givestheimpressionthattheretreat  
WaSSudden；butitisamatterofjudgment，Without  
Closefieldwork．Theglaciermusthavebeenslowly  
WaStingdown，anduntil1995itwasdifficulttorecog－  
nize from the air．  

GlaciarGrosseisanotherheavilydebrisLCOVered  
glacier・It has been recognized that down－WaSting  
WaS Very prOminent，but frontalrecession was not  
apparentunti11996，Whenformationofalargeprog－  
1aciallakebycoalesclngSupraglacialpooIswasrecog－  
nized．Thisalsocausedanapparentlargerecession  
rate．  

In the snout area of Glaciar Pared Sur and  
GlaciarExploradores，theactiveglacierfrontcannot  
belocatedduetotheheavydebris－COVer．Theappar－  
entsnoutpositionsremainthesameforyearsatthese  
glaciers．Becausedown－WaStinghasbeendominant，  
itisanticipatedthatwhathappenedtoGlaciarGrosse  
during1995－96willhappenatGlaciarExploradores  
inthenearfuture，i・e・，theformationofalargeprog－  
1aciallakeandalargeretreat．   

、？．・ノ．上〃∫∫（1／■J（、‘，  
Thetotalglacierarealostsince1945amountsto  

about64km2．Theicethicknessnearthesnoutinthe  
PatagoniaIcefieldwasestimatedatseveralglaciers  
（Aniya et al．，1997）．From these data，the average  
thickness oflOO m to300m may be taken for the  
HPN．Thisestimationyields6．4km3to19．2km3for  
thetotalicevolumelostduetotherecession  

Thethinningratenearthesnoutrangedfromless  
thanlmalto about4ma1between1945and1975  
for160utlet glaciers of the HPN（Aniya，1988）．  
Assuming an average rate oflto2m a1for the  
ablationarea（1550km2）oftheHPN，thetotalvolume  
lostbythinningoftheablationareaisabout79km3to  
158km3fortheperiodof51years．  
Asforthe accumulationarea，thereisno direct  

measurement or estimated data for thinning；how－  
ever，atGlaciarSolerthereisanevidenceforthinning．  
Alargeicefallof700mhighislocatedjustbelowthe  
equilibriumline（1350m）．Comparisonsofthephoto－  
graphstakenfromtheairin1944and1984（Aniyaand  
Enomoto，1986a），and those taken on the groundin  
1985and1995revealthatthebedrockexposureinthe  
icefallhas progressivelyincreased，particularlyin  
December1995therewasahugebedrockexposurein  
themiddleoftheicefall（Fig．5）．Thesechangeshave  
Clearlybeencausedbythediminishedicesupplyfrom  
theicefield，Whichisinturneffectedbythedecrease  
intheicesurfacelevel．Ifweconservativelyassume  
athinningrateofaboutlma▲1fortheaccumulation  
area（2600km2），thevolumelostforthe51yearperiod  
wouldbe about133km3．  

Consequently，theestimatedtotalicevolumelost   



プア  ÅniyaandWakao   

Fig．5．Conspicuo11Siyく】iminisbi重唱Supp王yof童ce薮・Om洩eice員eldatGiaciarSoier，   
between1985and1995（photostakenbyAniya）．Theicefa11isabout700mhigh，  
withitselevationsranglngfrom750to1450m．Thewidthatthebaseisabout   
l．1km．The ELAis estimated at1350m．  

仇at t壬陀Stationis probabiyless a鵬cted by the  
Ⅶ▲esterlies than tbe HPN．Temperatl汀e data at  
PtlertOÅisendoesnotshoⅥranySpeCifictrendssince  
tbe start of t壬1e reCOrdin the1930s（Åniya and  
Enomoto，1986a）．On the other hand，PreCipitation  
dataindicateanincreasebetween1955and1960，and  
duringtbe1970s，particularlyi‡lWinterprecipitation  
（July）of1971．  

Precipitation data from Cabo Raper（Warren，  
1993，Fig．6）showastrikingincreaseinprecipitation  

bytherecessionandthinningfrom1945to1996ranges  
froma minimumofabout218km3to amaximum of  
about310km3fortbe‡iPN．  

．？．ご了．（’／／川／Jん、上方▼J／rJ  
TherearetwoclimatestationsaroundtheHPN．  

CaboRaperislocated200kmallⅥOStduewestof也e  
icefield；henceitis王ocatedinthesameWesterliesbelt  
andclimaticregime．Anotherstation，PuertoAisen，  
islocated200kmnorthofthe HPN，Whichsuggests  

［二＝：：コC▲且OR▲PER・PR〔Cl円T▲¶OH 一一一－P▼0▲」S帥・T∈HPtR▲TUR【  
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F董g，6，Prec主pitation data aもCabo Raper andとemperatl】re data at PtiertO A妄se！l   
（takenfromWarren，1993）  
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duringthe1970s，almostdoublethevalueofthe1960s．  
It has been argued that the precipitation has more  
influence on the glacier variation，in particular，On  
tbo＄e On the western side vhere climaとeis maritime  
（1好arrenandSugden，1993）．Tberefore，iもSeemSrea－  
SOnable to＄uppOSe that the precipitationincrea  
duringthe1970shascausedtheslowingdownofthe  
retreat（AniyaandSato，1996）．Ifso，thetimelagfor  
the glacier responseis probably on the order of20  
yearsinthe HPN．Winchester and Harrison（1996）  
reached the same conclusion on the time lag after 
studying detailed variations of San Rafael and San 
Quintinglaciers．AtGlaciarP壬0ⅩIoftheHPS，the  
largestglacierinSouthAmericawithanareaof1260  
km2，tberesponsetimewasestimatedatlOto15years  
（Rivera gg虎乙，inpress），  

The slower retreat rates between 1975 and 1986 
tha11between1986and1991maybeduetoaprecipita－  
tionincreasebetween1955and1960．Thereasonthat  
the effect of the precipitation increase has become 
apparent sooner at the western glaciers than at the 
eastern glaciersisnotcertain，becausethe drainage  
areaofthewesternglaciersisgenerallylargerandthe  
availabledataonice－flowvelocity，althoughmeager，  
indicatethatexceptforGlaciarSanRafael，thewest・  
ernglaciersくSanQuintin，GtlaiasandReicher）arenot  
particularlyfaster（Rignot gf虎gリ1996）tbanGlaciar  
Soier（Naruse，1985，1987〉ontbeea洩Wbicbreiatesto  
the residencetimeofice．  
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