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Abstract  

Sensitivities of a summer－aCCumulation type glacierin response to changesin air temperature and  
precipitationareinvestigatedusimgaglacierfluctuationmodel．Themodelcouplesglacierdynamicstoempirical  
massbalanceequationsobtainedforatypicalsummerraccumulationtypeglacierintheeasternNepalHimalayas．  
Thegeometryandseasonalvariationsinairtemperatureandprecipitationaresimplifiedinordertoexaminethe  
principalcbaracteristicsof払esensitiviとies．Tbemagnitudeofthevolumechangeandtbevoiumerespoll紀timeare  
disc11SSedandcomparedwiththoseforahypotheticalwinter－aCCum111ationtypeglacierofequivalentgeometry．  

Thevolumechangeofasummer，aCCumulationtypeglacierisrough1ytwiceaslargeinitsmagnitudeforan  
air temperature change as for an equally probable precipitation changeineast Nepal．Moreover，the volume  
responsetimeoftheglacierisshorterforthetemperaturechangethanfortheprecipitationchange．Accordingly，  
WeStlggeStthatairtemperaturechangesratherthanprecipitationchangesaremainlyresponsibleforthefluctua－  
tions of stmer－aCCumulation type glaciersin east Nepal，aSlong as theiikeiihood of future sh漁sin air  
temperatureandprecipitationscalewiththeirmodernstandarddeviations．Thesummer－aCCumulationtypeglacier  
respondsmorequicklytoatemperaturechangethandoesthewinter仙aCCumulationtypeglacier，anditsmagnitude  
OfthevolumeresponseissmallerforaprecipitationchangethanthewinterLaCCumulationtypeglacier．Thereis  
asignificantshorteningoftheresponsetimeforincreasingmagnitudeofglaciershrinkage，  

1．lntroduction  

Variationsinmountainglaciersaround theworldare  
importantinassessingthechangeinglobalsealevel．Gla－  
CiersintlleAsianhighlandrpgions，aSWビIlasinAlaskaand  
Patagonia，areeSpeCiallythoughttomakecriticalcontribu－  
tionstothesealevelrise（Meier，1984；Warricketal．，1996）．  
Recent observations have shown many glaciers in the  
Himalayas to be retreating rapidly，and the Himalayan  
giaciersareconsideredtobevulnerabletotberecentglobal  
warming（Nakawogfα乙，1997）．  

MostglaciersintheAsianhigh1andregions，including  
the Himalayas，OWe their accumulation mostly to summer  
SnOWfa11during the Asian monsoon．The mass balance of  
Summer－aCCumulationtypeglaciersisconsideredtobesensi－  
tivetochangesinairtemperature（e．g．Ageta，1983；Fu3ita  
andAgeta，2800），Forexample，anincreaseinairtempera－  
turewilldecreasethesnowfractionofprecipitation，thereby  
decreasing accumulation．It willalsolower the surface  
albedo ofaglacier，therebyincreasing absorption ofsolar  
radiationandmelting．Theincreaseinairtemperatureitself  
ヽ＼・ill．IllOreOヽ・er．inerease the melting．Thus，W；lrming h；lS  
three negative effects on the mass balance of a summer  
－aCCumulation type glacier．In order to simulate glacier  
Shrinkageinresponsetowarmlng，however，itisnecessary  
toconsiderglacierdynamics．  
Asetofempiricalequationswasobtainedtoevallユate  

glaciermassbalancefromairtemperatureandprecipitation  

OnGlacierAXOlO，aSmalldebris－freeglacierineastNepal，  
byAgeta（1983），WithrevisionbyAgetaandKadota（1992）．  
Bycombiningtheempiricalequationsandaglacierdynamic  
model，Kadotaetai．（1997）acetlratelysimulatedtherecent  
reeordofshrinkageof（；1acierAXOl（）．Naitotll〟l．（2OOO）also  
adaptedtheempiricalequationsthroughmodificationforthe  
effectsofsupra－glacialdebrisinaglacierdynamicmodel，  
andsucce＄SfullysimulatedtherecentshrinkageofKhumbu  
Glacier，alargedebris－COVered史1acierineastNepal，  

Hereweusetbesesameempiricale（箋uationstoinvesti－  
gatetbesensitivitiesofasumer－aCClユmulationtypeglacier  
inresponsetochangesinairtemperatureandprecipitation．  
The geometry and seasonalvariationsin air temperature  
andprecipitationaremuchsimplified，andwecomparethe  
SenSitivity of a summer…aCCumulation type glacier and a  
hrpoth亡LticalwinteLr一一aCeumulationt〉・peglacierofequivalent  
geometry．Weexaminebo仇themag涙tudeofglaciervolume  
Changeandthevolumeresponsetime．   

2．Mo血Idescription   

ご」．β根滋∵甘心、Ⅲ（－（1「仙丁月■わ（イげ．爪付加〝如〃伸一（ブ（’イ   
1好e modeled a valley glacier on tbel）ed of constant  

Slope，thetangent ofwhich was O．2．Grid pointswere dis－  
tributedwithahorizontalspaclngOf50m，eXCeptnearthe  
glacierterminus，Whichisdescribedlater．Transversecross  
SeCtions at mid points between neighboring grid points  
divided tbe glacierinto control－VOlumes（㌘atankar，1980；   
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Lam and Dowdeswell，1996）．Alltransverse cross sections  
wereassumedtoberectangularwithaconstantwidthof5OO  
nl（Fig．1）．  

Gladerhead  

adjacentgridpointsexceedsthenormalgridspacing（50m），  
anewgridpointisinserted．Ontheotherhand，ifthetermi－  
naまcontroトvolume disappears，モモIe number ofgrid points  
decreases and tbe adjaceIlt upStream COntrOトvoiumeis  
eonvertedinto a wedgeLShaped terminalcontrol－VOlulTle．  
ThlユS，thepositionoftheterminalgridpointvariessmoothly．  
Thetwoterminalcontrol－VOlumesarere…divided atevery  
time step by a new rnid transverse cro＄S－SeCtion between  
theirgridpointstoconservetheirtotalvolume．Asaresult，  
thelengthsoftheterminalandtheadjacentcontroトvolumes  
VaryfromOto25mandfrom25to50m，reSpeCtively．The  
lengthsoftheglacierheadcontroトvolumeandal1theother  
controトvolumesareconstantat25mand50m，reSpeCtively，  
asillustratedin Fig．1（a）．The bo11ndary condition at tbe  
glacierbeadgridpoi王1tiszeroincoming fllユⅩ，but払eice  
thickrleSSat払eheadgridpointis‡10talwayszero．  

To sirnulate time－dependent glacier fluctuations，an  
implicit，Crank－NichoIsonschemewasusedtoapproximate  
Eq．（1）as  

据1…l楓  
＝‡（  

β汗1＋βゴ  
△f  

ー‡［（¢£打払）－（紺嶋）］． （3）  

Superscriptsrefertotimestepi11tlleさhlUlationlThevulume  
of a controトvoiume at tbe next time step，ぽ1く＝晦  
十△‰），isinitia王1ypredictedbyEq，（1），uSi喝aneXplicit  
time scheme．Using the predicted value ofⅥ訂lwith the  
glaciergeometry，aSurfaceprofileoftheglacierispredicted，  
andBi＋1and Qi＋1areevaluatedthroughEq．（2）andequa－  
tions describedin the following subsections．The value of  
据1canthen be correctedwithEq．（3）．These correcting  
proceduresareiterateduntildifferencesbetweenthepredict・  
ed and the correctedvalues of 帽ナ1become small（within  
O．1％forallcontrolVOlumes）．   

ユニ 〃‘7∬んJん川（・l、（・〔Jん・〟由〟（けJ  
ThtさmaSS balarlee，h．is represented by the empirical  

relationsgivenbyÅgeta（1983ラandÅgetaandKadota（1992）  
betweenmassbalancecomponentsandairtemperature，T  
（OC），forGlacierAXOlO：  

Gddpoint  

Fig．1．（a）Longitlユdinalcrosssectior10faglacier，illustrating   
thegridSyStemarldcontrol－VOlumesforsimulation・（b）A   
projectionofacontroトvolume，illustratingthecontinuity   
equation．△x and Windicate thelengthandthe width，   
respectively．△l㌦，B，QinandQ。ytdescribevolumechange，  
mass balance onthe whole surface，andincomingand   
outgoingicefluxes，reSpeCtively．  

The fundamentalequation for a glacier fluetuation  
modelist上IeCOntjnu巾▼equationforeachcontrol－VOlume：   

祭＝£一拍¢ぴ才一払），  （1）  

whereAVh，isvolumechangeofacontroトvolume，Bismass  
balanceonthesurfaceofthecontroトvolume，aSSumingno  
basalmelting，and Qinand Q。ut areicefluxesthroughthe  
upper and lower boundary cross sections of the control 
～VOlume，reSpeCtively．The timeintervalwas taken to be  
△t＝l／36year（aboutlO days）．Setting x as a horizontal  
coordinatedownstreamalongthecentralflowline，  

β＝川’△．T亙  （2）  

wheTe bismassbalanceinwaterequivalent attheCentral  
point ofits surface，Whichis describedin the fo1lovqlng  
subsection，△xand W（＝500m）arelengthandwidthofthe  
control－VOlume，reSpeCtively，andp＝900kgmJ3istheden－  
Sityofice．  
Anadaptive－gridsystem（LamandDowdeswell，1996）  

wasusedtomaintainsmoothterminalfluctuations．Bound・  
aryconditionsattheterminalgridpointarezeroicethick－  
ness and zero outgoing flux（Q。yt）．Supposing a wedge  
－Shaped terminaleontr（一トvolunle，its tength（A．ー）is not  
eonstant，butdependsonitsvolumeandi亡ethicknessat・【he  
boundaryerossLSet：tionwiththビneighb（一rinゞupStreamCOn－  
troトvoiume．If tbe distance betⅥreen tbe terminaland tbe  

P, if7「＜w仇6  
少（0．85㌦0．飢r）， if一札6怒7、蛋3．5  （4）  

0，  if71＞3．5  
C：：ニ  

ifア＜…3．0  

斗霊 αニ 
十3・畔2，ア≦2・0  

ム＝（、＋佑  

（5）  

（6）  

WhereあC，andaareprecipitation，aCCumulationandabla．  
tion（mw．e．day－1），reSpeCtively．Althoughtheseempirical  
relationswereobtainedfromthedataforonlyonesummer  
season，1978，therelationsareassumedtobeapplicablefor  
thewholeyear．  

A sinusoidalseasonalvariationin air temperatureis  
assumedasshowninFig．2．Forsummer－aCClユmulationtype  
mass balance，the seasonaldistribution of precipitationis  
also assumed to be sinusoidalandin phasビ＼＼・ith the air  
temperature，reaChingzero precipitationiIltheco】dest sea－  
son．MeteoroiogicalobservatiollS OrlGlacier AXOlO by   
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Fig．3．Altitudinalprofile＄Ofannualmassbalancesandtheir  
COmpOnentS，Calculated from Eq．（4）－（6）for the standard  
StateSi王1thisst11dy．Thesymもois，占，C，anddindicateanIlual  
amoⅥntS Of ma＄もa】ar王Ce，aCCumulation，and aもはtion，  
respectiveiy．Thesubs（：ripts，Sandw，meanthevaluesfor  
thesummer－（solid curves）andthewinterldashedcurves）  
accumulationtypes，reSpeCtively．Annualpreclpitation，13z，  
isthesameforbothtypes andindependentofaltitude，aS  
Shownbythedottedlirle．Theupperandlowerhorizontal  
もarswitbtriangiesforeacぁとypeshow洩eaitjtudesof払e  
glacier王Iead a11d terminusin tbe standard steady state，  
respectively，VhicbareshowninFig．4，   

Summer伽aCCumulationtypeglacierthanforthewinter－aCCu－  
mulation typeglacier．The accumulation areasofthetwo  
type glaciers tbus bave aimost tbe same surface area，  
althoughtheyareslightl〉▼differentduetoadiffereneeiniee  
thickness around the ELA．  

ユ、フ．〟lyノ7比l■〔Ⅵ／（、J血／ょり〃  
Basalslidingisoneofthemostuncertaincomponentsin  

glaeierdynamies．No direぐt meaSurement hasbeen pt・rforl  
medonbasalslidingofglaciersintheHimalayas．Measure・  
mentsof＄urfaceflowonGlacierAXOlOshowednosignifト  
Cantdifferenceintheflowspeedbetweensummerandwinter  
（Ikegamiand Ageta，1991）；this suggests no basalsliding．  
Assumingnobasalsliding，iceflux，Q，atthecontroトvoiume  
boundaryis：   

匪扁浩（一触Sin中腑5  （7）  

（Paterson，1994，p．334T335）∴Here，α，Hand S aresurface  
Slope，ice thickness and transverse cross sectionalarea，  
respectively．Thevaluesof．4andTZ＝3areparametersinthe  
flowlawofice，jiisafactoraccountingforlateraldrag，j；  
istheratiooftheaveragespeedthroughthecross－SeCtionto  
thecentralsurfacespeed，andg＝9．81ms血2i＄theaccelera－  
tionduetogravity．  

Meast汀ementS Ofice temperat11rein g‡aciers主n tbe  
NepaiHimalayas，e．g．Tanakaeia£（1980）onGlacierÅⅩ01O  
andMae etal．（1975）onKhumbuGlacier，Showedthatthe  
glaciersarenottemperate．Theicetemperature，however，is  
genera11y expected to be above－5OC．This study uses a  
COnStantValueofA＝2．4×10．1Ss．1kPaJ3，Whichcorresponds  
to the rec（一nlnlen〔kd＼▼alue foriee temperature of －2PC  
（Paterson，1994，p，97）．  
Theso→Calledshapefactor，＾，isapproximatedby  

Fig．2．Seasonalvariationin air temperature and seasonal  
di＄tributionofprecipitation，aSSumedinthisstudy．Bothare  
SimplifiedwithsinlユSOidalvariations．Distributionofprecip≠  
itationonasmerwaccl】m王ationtypeglacierissettobe  
in pbase witb洩e temperaモure variadon，and也at（〉n a  
Winter－aCCum111ationtypeg】acier，indicatedbythedashed  
lineinthelowerfigure，isdefinedwith alagof6months  
behindthatonthesummerLaCCumulationtype．  

Ageta（1983）andÅgetaggα£（1980）are11Sedtoestimatethe  
Climate．1野e ass11me an altitudinallapse rate of r＝】60C  
km－まandanannualrangeinairtemperatureof130C．The  
annualmean air temperature atthe altitude of4958mis  
adjustedto－2．90C，Whichleadstothemeantemperaturein  
thewarmestfourmonthsof2A8C，aSObservedattheglacier  
terminusin1978byAge（a（1983）．TheatlIlualprecipitationis  
F㌔＝16OOmm，anditisassumedtobeiIldepende11tOfaltihldビ．  
asAgeta etal．（1980）observedforsummerprecipitationin  
1978．   
In order to evaluate the significance of the climate  

SenSitivities，WeCOmparetheresponse ofthishypothetical  
Summer一aCCumulationt），peglacierwithth；ltOfall〉TPOtheti－  
Calwinterraccumulationtypeglacierexposedto a similar  
temperaturecycle．Thedistributionofprecipitationforthe  
Winterv仙aCCumulation type glacier has alag of6months  
relativetothesummeraccumulationtype，aSShowninFig．  
2．FigtJre3shows the altitudinalprofiles of annualnlaSS  
balancesandtheircomponeLntSforbothglaeiert）1PpeS，Calctト  
1atedundertheassumptionsinthisstudy．Thedifferencein  
massbalancebetweenthetwotypesisdueentirelytotheir  
differenceinaccumulation．Thedifferenceoccursbecausea  
largerproportionofprecipitationfallsasrainonthesummer  
－aCCtlmuiationtypeglacier．Thediffere‡lCebecomeslarger  
atloweraltitudesduetohigherairtemperatures．  
Asillustratedin Fig．3，the equilibriumline altitude  

（ELA）differsby65mbetweenthetwotypes．Ifthetwotype  
glacier＄areSimulatedonthesamebedrock，theaccumula・  
tionareaofthewinterNaCCtlmulationtypeglacierwouldbe  
larger and bence tbe winter－aCClユmulation type glacier  
WOt11dbelongerandbiggertbantbesummer－aCCl昔nulation  
type glacier．Alarge differencein the accumulation area  
WOuldmakeitdifficulttocomparesensitivitiesofthetwo  
type glaciers．Therefore，bed altitude beneath the glacier  
headisadjustedtobe100mhigherthanthecorresponding  
ELA，WhiehtlleallSthat thebedrot：kis65mhigherforthe  

0．30Ⅳ／2〟＋0．58W／2〃  
（8）  ム＝1－  

WhichisaregressionforthevaluesobtainedbrNre（1965）   
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forrectangularcross－SeCtions．1好euse汰e封owspeedratio，  
烏＝（ガ十1）／（瑠十2）＝0．8，foriaminar蔦0Vimaverywidecilan－  
nel，Whichneglectstransversalvariationsinflow．   

3．Sensitivityexperimentsandtheir results  

Starti喝なomaninitialice－freecondition，Werantbe  
modelurltilitreacbeda＄teadystateforeachtypeglacier，  
whichwecalledastandardsteadystate．Here，aSteadystatc  
wasdefinedifthechangeinslユrfacealtitudefromoneyear  
to tbe next wasless払an O，1m也roⅥghout the giacier．  
Longitudinaisurfaceprofilesofthestandardsteadystatesof  
t王IeSumer－a王1d也ewinもer－aCCumulationtypeglaciersare  
showninFig．4．Thesurfacealtitudeofeachglacierhead  
andthealtitudeofeachglacierterminusareindicatedinFig．  
3by軌elユpper andloⅥrer borizontalbars with trial唱Ies，  
respectively．王ntegrationofmassbalancefromtbebeadto  
the terminus along thelongitudinalprofiie of the glacier  
Sudacewaszerooneachtypeglacier．  

1  

0．9  

0．8  

′‾ヽ き二 ヽ■▲  
0．5  

0．4  

0．3  

0．2  
0  50 100 150 200 250 300 350  
J：Timea鮎rclimalicpe仙Ibation（y¢ar）  

Fig－5，TimedepeTlde王1tVar主ationsillnOrmaiigedgiaく：iervoi－  
t3me，汚L（i）／t与l（0），aftera ciimaticpertlユrbationofA＝1（ア  
（0．5饉Cく）r267mm）．5and好meantbe stlmmer仙a王1d tbe  
Winter岬aCClユml11atio王ItyPegiaciers，reSpeCtive壬y，and十△r  
（ニ＋0．50C）and r△p（＝＝∴一山267mm）indicate the cases for  
perturbationin air temperature and precipitation，reSpeC－  
tively．Tbetbickcurvesaresimulatedresu王晩and払e払in  
dot短dc㍊rV盗arebestfitti王唱CurV岱WitbEq．江住  

appearstodecreaseexponentiailytoeachnewsteadystate；  
exponentialcurvesthatfittheseresponsesarealsoshownby  
thindottedcurveSinFig．5．The normalized totalvolume  
Sbrinkage to eacb neⅦ Steady state，△もも河／1な購＝1  
一校∫（あ）／佐l（0），forthetemperatureperturbationissimiiar  
fortbesl皿mer－andtbewまnter－aCCumu】atまontypeglaciers．  
Thevolumeshrinkagefortheprecipitationperturbationis，  
On the other hand，Sma11er for the summeru叫aCCumulation  
type than the winter－aCCumulation type．In addition，the  
VOiume＄brinkage of eacb type glacierisiarger for tbe  
temperatureperturbationthanfortheprecipitationperturq  
bation．Fi斜Ire6showsthビnOrTnalized totこ11voltlI11eShrink－  
age，△陥l¢⇒／lらl（0），forchangingclimatic（temperatureor  
precipitation）perturbationnormalizedbythestandarddevi・  
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Fig、4．L（〉ngitudinalprofilesofthestandardsteadystatesfor  
沈e stllnmerand偽eⅥ7inter－aCCt皿ひiation乞ype glaciers．  
Bedaltittldebeneatheachglacierheadisad匝stedtoIOOm  
bigher七重1aneaChEもÅin払esta王1dardsta晦toeqlializetbe  
exten短Ofaccum11lationareaforboth矩pes．Botbglacier  
Surface and bedrock are shown for the surrmcr山and the  
winter－aCCumulation type glaciers by solid and dashed   
lines，reSpeCtively．  

．＋キ．  －A′こ．  
Thesestandardstead）▼St；1teSl＼▼et’ethei【litialぐOnditions  

forthefollowingsensitivityexperiments，inwhichairtem－  
perature wa＄SuddenlylnCreaSedorprecipitation was sud▲  
den呈ydecreased．Tbesensi扇viもyexperi‡nentSranlmtileacb  
giacierreachedanewsteady＄tate，Theperturbedrangesin  
temperature and precipitation were normalized with the  
eq11ivalentstandarddeviationsinanntialrecordsfrom19アユ  
to1990atChialsa（DIHM，1977，1982，1984，1986；DHM，1988，  
1995）：6T＝0．50Cforannualmeanairtemperatlユreand qp＝  
267111m（＝O．167FL）forannuこ11preLCipitation．Here．thel；ltteLr  
Standarddeviationforannualprecipitationisbasedonthe  
ratioofthestandarddeviationtothemeananl1tlalprecipita・  
tionatChialsa（319mm／1914mm＝0．167）．Cbialsaislocated  
at2770m a．s．1．ineast Nepalabout20km southeast of  
GlacierAXOlOintbesamedrainagebasin，andistぬeclosest  
meteorologieaistationtotheglacier．Wethenrepeatedthe  
experimentswithdifferentperturbationsintemperatureor  
Prt：Cir）itation．theI11こIg11ittldesofⅥ▼hich＼＼’Pret：hangedb）▼O．1（ア．  

Figure5showssimulatedvariationsinglaciervolume，  
陀‘（t），nOrmalized by the volume at the standard steady  
State，l∴；，（0）．fo1lowi叩aperturbationofl（了．Glaeierヽ▼Olt】me  
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Fig，6．Normaligedt雨alvoiumesbr玩kage，△1ちg輌／1な（0），ill   
response翫）ChangingclimaticperturbatiorlS，△わ，rlOrmaト   
izedbytbemodernstandarddeviation－Sqllare andcross  
Symもoisrepresenttbesummer仙and洩ewi三成er－aCClユmula－   
tion type glaciers，reSpeCtively．Solid and dashed curves   
indicateperturbationsinairtcmperatureandprecipitation，   
respec貞vely，   
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ation，△／♂．Thefeaturesin△1ちヱ（？可／祐≠（0）areallthesame  
forぬewbolerangeoftheciimaticpertlユrbationsasfor△芯  
1び（Fig．5）事Tbemagnittユdesof払evoまumes壬Irinkageforthe  
temperatureperturbationsaTeSimiiarforbothtypeglaciers，  
wb主1etbosefor也eprecipitationperturbatまonsaresmaller  
for the summeraCCumulation typt？glacier【hallthe＼ヽ▼illter  
－aCCumulationtypeglacier．Thoseforthesummer－aCCumu－  
1ationtypeglacierareroughlytwiceaslargeforthetcmpeト  
ature pertllrbations as for the precipitation pel’turbations．  
Moreover，Fig．6洩owsa王mostlinearvariationsof△陥～匝）／  
陥g（0〉to tbe ci主matic pertl汀bationsⅥ涙ii△陥～¢や）／祐g（0）  
reacbesaboutO．7，buttbevariationsbecomenon－1i王Iearfor  
larger△陥～回／‰（払   

4．Discussion  

J．J．jり噸≠加届‥（」モ／‾川／汀肋？／叩函〃5（7  
ÅssbowninFig．6，払eshrinkageoftbesummerwaccひ  

mulationtypeglacierisroughlytwiceaslargeforatempera－  
tureperturbationasfor an equaily prol）able precipitation  
pt：rttlrbation．judging frolllthビ Standard deviこItiollSin  
recordsねrthepast20yearsatCbialsa．T王IisslユggeStS也aも  
themagnittldeinflu⊂tuationsofsummet－vaぐCunll11ationt）▼pe  
glaciersimeastNepalwolユidbecontrolledbycba喝eSinair  
temperaturera払ertムani†ipreCipitation．Precipitatio一里，howサ  
ever，Can fluctuateまa曙eまy deperlding upon払e site．To  
Oもtaintbesame△1ちg（∞）／穐～（0）incaseoftbes皿er”aCCu・  
mulati（111t）・pe gIacierin Fig．6．the required nol■malized  
perturbation，△わ．is2to2．3til11eSaSlargeforpreeipitation  
asfortemperature．lnotherwords，thevolumeshrinkageis  
largerforatemperatureperturbationthanforaprecipitか  
tionperttirbationif△デメあisnotlargert払込n2～2．3×△プみァ．  
Tbisconclusion，there払re，Canboidaslongastberatioin  
therealfluetuヱItillgratlgビiIlanllualprecipitatiollt（）annual  
airtemperature，△ダ捲㌢，irleaStNepalisnot】argertha‡12  
～2．3×動転＝1．1～1．2×1．03mmoC‾1．  
Fi郡reS5aIld6show tbat tbe magnitude of glaci訂  

Slll－ink；lgein response to wal．nli11gis sil11i】ar for both tht：  
Summer～andthewinter叫aCCumulationtypes．Asprecipita－  
tiし111WaS aSSumed to beindependt：nt Of altitude．raisillg  
temperature by△T had equivalent meaningsin the mass  
balance calculation toloweringaltitude by a constant of  
△rダー；tbereby払eincreaseinEI－AduetotbeⅥrarmingwas  
thesameAr／Ilforbothglaciers、Theglacier termiIluSiIla  
steadystateisiocatedⅥrhere払eInaSSbalance，i鵡egrated  
fromtheglaぐierhead．reacheszero．Asarcsult．theshI－ink－  
ageduetowarmir嘱issimilarforbothtypes．Fortheprecipi－  
tationchange．onthcotherhi＝d．the111agnitudeofrespo‖Se  
islargeronthewinter肌aCCumulationtype払an払esummer  
－aCCumulationtype，aSShoⅥrninFigs．5and6．王nt鮎scaseサ  
thビpreぐipitation ehIltlge affected onl）▼ aC⊂ulllulatioTl．nOt  
こIblation．tiecausethefractjo110fraillfallin pIでCipitationis  
higheronthesummer－aCCumulationtypeglacier，thesame  
changeinprecipitationleadstolesschangeinaccumulation  
Onthesunlmer－aeCumulationtypeglacier．   

1tshouldbenotedthatthe円11piricalE（1．（5いvhit：hwas  
used to evaluate glacier ablこIrion．implieitlyincIudes the  
empiricalalbedoefねctonablationofGlacierAXOlOwithan  
exponentof3．2intheairtemperaturerangebetweenN3and  
20C．Tbis mean＄払at abiationis reまativeiy suppressed at  
lowertemperaturesbythehigheralbedooffreshsnowcover  
a一重dis relativelyincreased at higberもemperaぬres by tbe   

lower albedo ofa dirtier surface due to a decreasein the  
SnOWfaliproportion（Agetaeta£，1980）．Becausethewinter  
Laeeurnulation t〉▼Pe glacier should havelesさ fresh snow  
COVerintlleI11eltingseこISOntllanthesummer－aCCumulatio11  
rype．usinFEq．（5）forthewinterLaeeumulationtypeglacier  
Shouldlead to（）VereStimation of the suppreLSSive effeぐt Of  
freshsnowonablation，i．e．，tOunderestimationoftheabla・  
tion．Astheunderestimationofablationshouldbesevererat  
alowertelllPビ㌻甘hlre（higheraltitude）．the altitudinalgradi－  
entsin ablationandmassbalance of thewinterhaCC11mula．  
tit）n t〉・Pe Should be sm；lLler than those usedin this model  
shc．v．11illFig．3、TheincreaseiIl；1blation on the wi11ter  
LaCClユmu王ation type glacier with a temperatureinerease，  
therefore，is overestimatediIlthis】11Odel．Moreover．a  
det：reaSein pret：ipitation sh（一uld deerpase the suppressive  
effect of fresh snow cover on ablat主on for the summer  
aCt：ulmllati（）TIL）▼Peゞlacier．Thus．the ablこItion on theLSum－  
mer－aCCumulationtypeglaciershotlldincreasewhenpreclpト  
tationdecreases，althoughitwascalculatedindependentlyof  
precipitationinthismodel．FurtherdiscussiononthedifferT  
ellCeSi11Shrinkagem乙Ignitudebetweenthetwotypeglaeiers  
inrespoIISetOehangesinairtemptlratllreandprecipitatiotl  
WOuldrequirea1110rビdetailedmodel（一ntheablationprocess．   

Sett主唱Aエgg伺／エが（0）and△島ヱ（申）／島ヱ（0）astbenor・  
maiizeddecreasesto ea（：hnewsteady stateintheglacier  
lビngthandthビこlヽ▼erageglilCierthieknes＄．rビSpeCtively．  

・一  二十  ㍉   
＋一，（9）  

becausethegtacierwidth，11T．isasstlmedtt）beco11StanしIf  
botb△£g～（＊）／エggく0）and△亀gく掬）プ島g（0）varyiinearlyvi血  
塊edimaticpe触rbation，tben，tileVariationsin△陥g河／  
1ちl（0）showninFig．6shouldbequadratic．Sensitivityexperi・  
mentssbow偽at也evaria如nin△エgg何／エgg（0）isalmo＄t  
linearwiththec）i111aticpel・turbation．OntheotherhこI11dTthe  
ヽ・ariこItioninユHゞL（可，／IlgI（lnis almostlillear forlarge cli－  
nlatic perturbati（mS，but approaches zpro nolト1inearly for  
smallclimaticperturbations，aSShowninFig．7．Thesubdued  
decreaseintheaverageglacierthicknessisduetoasma11er  

Q
ノ
 
八
X
）
 
0
 
0
 
 

7
 
′
b
 
5
 
4
 
3
 
 

0
 
0
 
0
 
0
 
∩
）
 
 

邑
㌔
吉
滝
葛
 
 

0 0．5 11．5 2 2．5 3 3．5 4 4．5  
A／α：恥m血dd血a鹿匹血rbalion   

Fig．7．Norma王ize8d∝rea＄鴇in average giacier tbickne∬，   
Å島‘軽〉／島～（¢），inresponsetoc壬Ia喝ingclimaticperturbat   
tions，Åわ．Tbelegen（ヨsaretbesameasinFig．6・   
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aititudinalgradientofmassbalaneeatahigheraltittlde，aS  
ShowninFig．3．Theglacierthicknessdoesnotdecreaseas  
nlueh on theupperpart oftheglacierfor a smallclimatic  
perturbation as on thelower part The variation of the  
glacier volume appearsalmostlinear for smallclimatic  
perturbationsinFig．6asaresultofthesubdueddecreasein  
theaverageglacierthickness．Itthenappearsquadraticfor  
largeclimaticperttlrbationsduetothelineardecreasesin  
boththelengthandtheaveragethicknessoftheglacier．   

■J．ヱ11）／〟肌・n－呼（川∫（l〟研一－  
Besidestbemagnitudeof払eresponsedescribedintbe  

precedingsubsection，aVOlumeresponsetimeisintroduced  
heretodiscusstheotherfactorinthesensitivityofglacier  
responseto climatechanges．J6hannesson et ai．（1989a，b）  
derivedatheoreticalestimateofavolumeresponsetime，Tl，  
aS：  

0 0．5 11．5 2 2．5 3 3．5 4 4．5  
A／α：Normal玩¢dcl血aticpe血めation  

Fig暮8．Respく〉nSetime，籍，aSafunctionofnormalizedclimatic   
perturbation，△／6，eXCeptthesmallperturbationsthatlead   
to△lhl回／V；l（0）smaller than O．3．Thelegends arc the  
SameaSinFig．6．  

く〃〉  n＝二＝哀‾ く10）  

WhereくH）meansacharacteristicthicknessoftheglacier，  
e．g．themaximumthickness，andbtisthemassbalanceatits  
terminus，Whichisnegative．Thetheoreticalresponsetimein  
血estandardsteadystatewascalculatedtobe53yearsfor  
thesummer－aCCumulationtypeglacier，Whichisshorterthan  
that forthewinter－aCCumulationtl・peglacierof59years．  
Mass balance conditions，however，Vary aCCOrding to  

Suだacealtitudecba‡堵eaSafunctionoftime．T圭Ie短edback  
betweentime－dependentsurfacealtitudeandmassbalance  
makesthetruevolumeresponsetimesomewhatlongerthan  
n（J8hannessoneial．，1989b；J6hannessorl，1997；Harrisonet  
al．，in press）．A dynamic modelsimulation can take the  
feedbackintoaccountandrepresentthetrueresponsebetter  
thanthesimple responsetime，rl．AsshowninFig．5，the  
VOlumecbangeinresponsetoacliInaticpert11rbationcant〉e  
approximatedwithanexponentialcurve：   

△祐庸＝陥朗卜祐匪△髄ヰーeXp（－そ汁（11）  

Wbere△穐～（g）is払emagni如deofthegiaciervol11meCbange  
fromthestandardsteadystateattimetafteraperturbation．  
Åtimeco】1Stant，鞄，Wbicbvedefineasavolumeresponse  
time，isdeterminedbyfindingthebestmatchbetweenEq．  
（11）and也esimulatedvolumecbange．Figurさ8sboⅥ7Sthe  
responsetime，花，forarangeofcIimaticperturbations，△h，  
and Fig．9shows‡乏aS a function ofthe normalized total  
VOlume血rinkage，△略∫桓⇒）／陀‘（払FigⅥre＄8and9donot  
includethecasesofsmallclimaticperturbationsthatleadto  
△略言く≠）／略言（0〉sma11er than O．3b∝alユSe Of払e folloⅥ7ing  
modelproblem．Asmalloscillationinthetransientglacier  
VOlume，Wbicbc（〉nSistsofanover－Shrinkageandarebound，  
can sornetimes appear when the number of grid points 
Changesortheglacierapproachesitsnewsteadystate，eVen  
withanadaptivergridsystem（LamandDowdeswell，1996）．  
Theoscillationsareusual1ynegligiblewhenthetotalvolume  
Cbangesaresubstantial，bllt‡linderthedetermiTlatio王10f花  
（findingthebestmatchingexponentialcurvetOthesimulat－  
edl・Olumeehange）wheLntlletOtalvolt】meChangesaresma11．  

Theresponsetimeisshorterfortemperatureperturba－  
tionsthanforprecipitationperturbationsonboththesum－  
mer－and thewinterNaCCumulation type glaciers．ln the  
precedingsubsectionwesuggestedthatsummer00aCCumula－  
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Fig．9．Response time，払aS a function of normalized total  
VOlume shrinkage，△lちE¢⇒）／ThL（0），larger than O．3．The  
iegendsaretbesameasinFig，6，  

tion type glaciersin east Nepalshould be contro11ed by  
temperaturechangesratherthanbyprecipitationchanges；  
theshorterresponsetimesfortemperaturechangesfurther  
SuppOrtthisidea．Theresponsetime，払isgenerallylonger  
thanthetheoreticalestimate，Ti，aSeXpeCtedbyJ6hannesson  
（？f（tL．u989b），J6hannesson（1997）andIIarrison｛ILIL（in  
press），eXCeptforrelativelylargeperturbations．   

Incast｝OftemperatureperturbatiollS．thesunlmer－aeeu・  
mulationtypeglacierhasashorterresponsetimethanthe  
Vinter－aCCtlmulationtypeglacier，aSSぬowninFigs．8and乳  
Inthecaseofprecipitationperturbations，Ontheotherhand，  
thesummer鵬aCCumulationtypeglacierhasaresponsetime  
simiiar to thewinter．accumulation type glacier for△わ  
Smallerthanl．5andalongerresponsetimefor△hlarger  
thanthis．asshowninFig．8．ThesediffeT’enCeSarelikelyto  
be dueto differenceina shortening trendinthe response  
timeforlallgeVOluTlle］oss．AecordingtoFig．9．thesummer  
－aCCumulation typeglacier has a slightlylonger response  
timethanthewinter－aCCumulationtypeglacierforprecipitか  
tionperturbationsthatleadtothesamenormalizedvolume  
loss．   



N五抽D銭仁扇．  7  

Theresponse timeseemsto have a maximum around  
△ThL匝）／tちl（0）＝0．6in Fig．9，althoughthe variationin  
responsetimeissmaiiaroundeachmaximum．Shorteningof  
tbe resp（〉nSe timeis si卯ificant for△lも（桓）プ佑g（0）王arger  
thanaboutO．7inFig．9．Thisindicatesthattheapproachto  
a newsteadystatewouldbesignificantly faster for a cii・  
matic perturbationlarger than thatleading to△陥E¢⇒）／  
V；l（0）＝0．7．IntermsofthetimescaleofJ6hannessoneta乙  
（1989a，b）given by Eq．（10），tbis shor仁eni喝trendin払e  
response time forlarge climatic perturbations could be  
attribtltedtotberedllCeく重effectiveg重acier払icknessa＄the  
glaciers sbrink．Tぬe disappearance of tbe trend for smail  
Climaticperturbationsmightbeduetotherelativelysubdued  
decreaseintheglacierthickness，ShowninFig．7．Itisinter－  
estingto餌r也erexaminetbevariationin払erespo‡lSetime  
fordimaticchanges，inc王udingtheglaeiergrowthcases，  
Anactualg王acierbasanindividualgeometryandaァeal  

di洩ributioninaltitude，andalargeglaeierintheHimalayas  
usually ha＄a COmplex massbalanCe pattern Onits debris  
〟COVeredarea．Thissttldyneglectedthesecomplexities，and  
focused on sensitivityexperimentsto clar主fythe principal  
Characteristics of anidealized summer山aCCumulation type  
glacierin resp川ISe tO ClimateじhilngeS．To foreeast actual  
glacierfluctuationsintheHimaiayas，mOrerealisticglacier  
geometryandscenariosforclimatechangewouldbedesired，  
e．g，gra血alwarmingra払ertbanthesuddenperとurbatiorl，  
andcoupledchange＄intemperatureandprecipitation（Oer－  
‡emansg≠α乙，199乳   

5．Concludingremarks  

Tht・Prineipalt：hara亡teristi⊂SOfこISunl】11erLaeCumulation  
typeglacierinresponsetoairtemperatureandprecipitation  
CbangeⅥ7ereinvestigatedby琵nSitivityexper主mentswi払a  
numericaimodeicouplingbothglacierdynamicsandmass  
balance．Weinvestigatedboththemagnitudeofthevolume  
ChangeandthevolumeresponsetimeKThevolumeshrinkage  
Ofaslim汀Ier－aCC11mulationもypegiacierwasro喝hlytwiceas  
large for anincreasein air temperature compared to an  
equall）▼prObこIble declでaSeillprPCipitatioll，based on the  
Standard deviationsin recent meteoroiogicalrecords at  
Chialsa，eaStNepal．Thevolumeresponsetimeofthesum・  
mer叫aCCumtllationtypeglacierwasshorterforthetempera～  
ture change払anねr the eqlユaliy probabie precipitation  
Change．Accordingly，WeS喝geStedthatchangesinairtem鶴  
PerattlreratherthaniIIPreCipitatione（）IltrOlfluctuatiol】SOf  
SummerNaCCumuiationtypeglaciersineastNepalaslongas  
therangeofchangesintemperatureandprecipitationdonot  
diffe・t－mtlぐh from their mod亡・rllStandard de＼Ti；lti川1Sin the  
reglOn．A summerwaccumulation type glacier should then  
respond rnore rapidly to ehanges in air temperature and 
Sho111dbave a s汀ほ封er magn主tlユde of volume cbange vben  
responding to changesin precipitation，COmpared with an  
equivalentwinter－aCCumulationtypeglacier．A significant  
Shし1rteni叩tt’endin the resp（1nSe timビWaS Sh肌＼’n forlaT■geL  
Climaticchangesthat王eadtovolumelosseslargerthan70％  
Ofthestand；lrdsteady stateL．   
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