
放班etiT10fGlacierReseardlユ6（1998）プープj  
◎DataCenterforGまacierRe紀arCb，JapaneseSocietyofSnowand‡ce  

The responseofglacier ELAtoclimatef］uctuationson High－Asia   

ZHANGYinsheng1．KojiFUJITA一，  
YutakaAGETA・，MasayoshiNAKAWO・，YAOTandong and PUJianchen  
lLanzt10ulnstjtutビOf（；lariLl】og）▼andGeocryotogy．CAS．LanzllOu，73OOOO Chinこ1  
2Institutefor技y（】ro＄pheric－Atmosp壬IericSciences，NagoyaUniversiモ洪Nag叩a4朗仙0ユ，Japan  

（ReceivedJuly4．1997；RevisedmanuscriptreceivedApri12，1998）  

Abstract  

Analgorithmforquantitativelyestimatingthefiuctuationofequiiibriumlinealti餌de（ELA）in  
responsetoclimatechanges，COuplingtheeffectsofevaporationandformationofsuperimposedice  
tot壬IeenergyeXCba‡噂eprOCe裳Ontぬegiacierslユrねce，WaSdevelopedandexamined．Thecorrelation  
ofaccumtllationtoairteI11perこ1ture＼▼ariationontheglaciersurfa亡eWaSintrいduced．Theapplicatic・n  
Withthealgorithmtol）ongkemadiGlacierinTangg111aMts，GlaeierNo、1inTiallShanMts／Julyl”  
Glacieri11Qilian Mts alld Glaeier－AXOIOin the NepalHimaIayas suggested the quite differe11t  
responseofglacierstothesameclimaticchangescenario．ItwasfoundthattheELAfluctuation  
rangedfrom52to152rninresponsetoasurrmermeanairtemperaturechangeofl¢C，about9to  
85mtoanannualprecipitationchangeoflOO mm，and37to63mtothenetradiati（〉nehangeof  
l九■り／mごforthesttldiedglaciers．Thesensitivityexaminationrevealedthatthehigherthemeanair  
temperatureinmeit呈ngseasonatELAwas，thelargertheELA鮎ctuatedinresponsetotemperatlユre  
＼・ariations，incontrasl，thehighertheannualpreeipitationatELAwas．thesmニ111ertJleELAfluctuated  
inresponsetoprecipitationchangeintheregion．Thesimulatedre＄ultsofELAfluctuationstoclimate  
ChangeonGlacierNo．1bythealgorithmal■eLfairlyL：OnSistentwiththoseobservedfl‾Om1959to1993．  

Onthebasis（、fmodelsmentionedabove．analgor－  
ithm for estiIllating the gJacier response to climate  
ChangeinHighーAsiawasdevelopedwiththefollow－  
ing modifications．1）EvこIPOration oIl【heglacier sllr－  
fこICe＼＼TaSeOupledinthealgorithmowingtoitssignifi－  
Ca‡ltCOntribtltionto王naSSandenergyexcbangebudget  
intllemaSS－eIlergyre如11eSforthegla（二iersinaridor  
＄emトaridregions（Zhang etal．，1996）．2）Theeffect  
Ofsuperimpo＄ediceformationto retentionofwater  
On theglaciers under conditions oflow temperature  
（Fujita（T［（7［．．1996）was takeninto accountin the  
model．3）ThesIIOWfa11inthetotalprecipitationwas  
partitionedb）・tlSi11g a enlPiricalf（一rmulこIeinstead of  
accumulationontheglaciers．Thefollowlngglaciers  
are selected fol－the prese11t StudyこDongkemadiGla－  
eieri11Tangglllilhl・1ts．，GlacierNo．1inTianshanMts，  
and”JulylいGlacieri11Qilian Mts．in China，and  
Glaciel■AXOIOin the Nt）pal11imala〉TaS．The geo－   

1．lntroduction  

Equilibriumlinealtitude（ELA），glacierlengthas  
Wtlllas T11ean SpeCific mass balance，areimportant  
parametet▲sin characteriziIlg the state of a gla亡ier．  
Tlleinter－rannuillvariationsordeviationsfromalong  
－termmeanValue（一ftheparameterseanbein†erpret・  
edastheresponseofglacierstothechangingclimate．  
AmongtheseparameterstheELAiscon＄ideredasthe  
most sensitive one to the ciimatic fluctuations．The  
PioneerworkinreIビVantStl1dieshasbee11COndueted  
b）TKuhn（19さO）．withanalgorithmdevcIopedbyeou・  
pling the mass－．energ〉・r－ eXChこInge O11the glacier  
Surface with glacia卜meteorologicalapproach．The  
algorithlllWaSaPpliedforestima【ionofELAshifton  
giaciersofAndesandGreenlandIceCap（Kl血n，1989；  
Ambaeh and Kuhn、1985；Ambach．1985；Anlbach  
and Kuhn，1989）foT－thegivenclimaticconditions．  
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Fig，ユ．Geograpbiclocationmapoftbestudiedglaciers  

glacier，and as negative when fluxleaves from the  
surface．Q，，Qs，Q，Qmand払areaveragefluxofnet  
radiation，Sen＄ibleheat，1atentheat，meltingheat，and  
conductive heat for a whole melting season respective- 
ly．At ELÅ，annualcumtliative accumulation and  
ablation are equalat the end ofthe balance year．  
MビIti11g amOtlnt jIlandevaporating amount E for a  
Who王emeitingperiodarerespon＄etOthebeatflux貌  
and QよreSpeCtive王y（AmbachandKt血n，19紺）：  

す払ニエg繊  緩）  

アQ＝んE  （3）   

Where，7isthenumberofdaysinmeltingseasonwith  
dail）▼meanairtemperatureover O℃．Notethatanair  
temperattlreOf O℃isnotrleCeSSarilythethresholdof  
ablation，butitisapracticalapproximation（Ambach  
andKl血n，1989）．でisassumedtobeaconstantona  
givenglacier．£isthespecificlatentもeatofmelting   

graphicallocationsoftheseglaciersareshowninFig．  
1．Thelo明㌻termmaSS－andenergyNbalancemeasure疇  
ment＄and glacio－meteOrOiogi（：alobservations have  
beenearritさdoutontheseglaeiers．   

2．Pr抽叫沌＝掴thod   

ヱJ．九九ぶ〟IJd√〃り静・加ゎナ圧1＝7／比．1  
At the equilibriumlinealtitude H，the annual  

accumulatio11C equals annualablatioIl」．within a  
massbalanceyear．Ablatiollj4cこInbecalculatedfrom  
the surface energy budget of glaciers．The energy  
budget equationwith the unit of MJ／m2d can be  
Writtenas：  

¢m十Q＝¢「十0ざ＋（註，  （い   

in which right side of equation are energy income 
terms，andtheleftsideareou穣Oingenergyterms．うⅣe  
definite the flux as positiveⅥ㌢benit comes to tbe  
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軌334MJ／kg），Wbileエひdenot飴血e specificiatent  
heat of vaporization（2．5MJ／kg）．Kis the propor・  
tionalfaetor＼＼・hen taking the contribtltion of the  
Superimposedice formationinto account．Incaseof  
Superimposedice formation，the heat necessary for  
meltingoneannuallayer（Q㌔）ishigherbyafactorof  
Kthanitisincaseofmeltingannua11ayerwithout  
anyfomationofsuperimposedice（Qm）：  

K＝¢誌／貌  （4〉   

AttheELA．【hemassbalaneeequationcanbeビⅩPreS－  
Sedas：  

giaciers simu王ねneously take placein warm season．  
Amo11ntOfaccumulationisnotonlydeterminedbytbe  
totalprecipitation．butalsodepe11dsonthepropoTtion  
Ofsolidprecipitationinthetotalprecipitationdueto  
払eairtemperatl汀eVariations．Therefore，itisneces－  
SarytOintroducetherelationbetweensolidprecipita－  
tion and air temperature to也e algori也m．‡f drift  
SnOW and avalanches are disregarded，aCCumulation  
eoutd be thought to be equaT to the amount of solid  
precipitation．Previousstudies，Whichcarriedouton  
the glncic・rS Of the TiこITIShaIIS，China and the Nepal  
Himalayas（Ageta，1980；Ågeta，1983a；Ageta，1983b；  
Ågeta，1983c），SboⅥr thaとSOiid prec主pitationin tbe  
meltingseasoncanbewrittenas：   

G＝既（α1＋∂17つ  （9）  

in which aland blare COefficients，G denote the  
accumulationfromsolidprecipitationinmeltingsear  
SOn，島isannualprecipitation，5istheratioofpreclpl－  
tationinmeltingseasontoannualone．Tismeanair  
telllPtlraturビinnl亡・ltingseason．So．theannualaeeunlu－  
1ationfro王npreCipitationCcanbeexpressedas：  

C＝島£（吼十あr）＋鳥り－S）7   
0r ∂C＝∂【為5（αま＋あア）＋（j－5）島j．  （10）   

Furthermore．forthtlaCCu111ulationgradient．wehave：  

（5）  C＝A＝」好十g   

Synthesizing the equations（＝to（5）．the e11erg〉▼  
MmaSSbalanceequationatELAcanbededucedtothe  
expressionlike払i＄：   

C＝孟や十（遠＋意沌  （6）  

Where Q＝払＋Q8十払．A climatic fltlCtuation of  
eitherolle．6C．6O，and6T、Wi111eadtoashift〔一fthe  
eqtlilibriumline altitudeby dH to a position where  
琉evariablesbavec壬Iangedaccordi喝tOtheirrespec｝  
tivevertical許adient，∂C／恕，∂r／お，and∂Q／恕．  
At払enewELA，Vheretbeelementshavevaried  

Witb♂＋聯7∂わ，tbe mass－energybalancecanbe  
writtenas：   

音感十虻＝j妄（針普粛＋紹）  

十㌔妄＋意）（針普膳十畝  （7ラ  

Fronlequation（5）；ltld（61．itiseasy todedueethat：  

♂（鳥ぶ（α1十∂17「）＋鳥（ヱ岬5））  旦  
∂こ  ∂こ  

Itiswi1dlyacceptedthatSisindependentofaltitude：   

普＝（1十d15－…15r）普＋あ1親告（11）  
ThecaleulヱIted r（lSultswhichinforrn ofequation（g）  
fortheselectedglaciersareshowninTablel．   

b）Theformationofslユperimposedice  
ThecontTibl】tion of superimposedice folrllation  

On energy budget regime of the glaciers has been  
StudiedonGreeniandicesheet andglaciers ofAlps  
（Ambach and Kuh，1985）．For the calculation of K，  
the water equivalent ofinitialsnow～paCk before  
meltingり鶴），Superimposedice（晰）formedfromthe  
meltedpartofl穐，andsuperimposedicelayer（隅）  
areintroduced．Themeandensityofsnowlayerand  
Su匹rimposediceare賞Ⅹed紬be300kg／m3and900  
kg／m3re＄peCtiveiy．T壬1eWaterequivalentoft壬1eabove  
mentionedparameterscanbecalculatedas：  

義蠍戒＋（義十を）脇  
がナ＝   （S）  

賢一義一嘗→姦十そ）普   
8HisELAshiftvalueunderaclimaticflucttlationof  
♂．  

之之飽和甥gおタ滋αぬ乃  

For the application，the modelhas to be par－  
arneterized．Somevariableshavetobe fixed as con“  
Stant Values following the previous assumptionsin  
l11Odelingwork onglaciers．Somefa亡tOrSWillbビSim・  
plifiedconsideringtbeaccuracyandthepresentcondi戚  
tionofglaciologicalmeasurements．   

a）Theeffectoftemperatureonaccumulation  
Dtle tO theinfluence of nlOnSOOllClimate・，both  

accumulation and ablation processe＄On the studied  

盲％＝毎300，   

鞘＝（毎一転）380，   



J  Bulletin of Glacier Research 

Tablぐ1．Thede・SCTiptiヽ・efornlulasforanamount〔fs（一1idprtxtipitatiol－t：OrreLa【edtothtL  
Summerairtemperatureandpreclpitation  

Fonllllla  suitable range Reference  
of r（℃）  

G＝為5（0．92一説14r） －8．6くア＜0．6 Uenogfαま，1994   

G＝島S隠89岬0．13r〉  一0．9＜㌻＜6．8  Thiswork   

G＝為ぶ（0．85－0．10ア） －1．5＜㌻＜8．5  Tbiswork   

G＝鳥S（0，80山0．23T） －0．8＜T＜3．4   Ageta，1983  

Do喝kemadi  
Glacier  
Glacier  
No．1  
“Juiyl”  
Glacier  
Glacier  
AXOlO  
Cs：anlOunt Ofsolidpreぐipi【a【iしHlinmel†ingseason．  
書‡：amOuntOfannualprecipitation．  
S：fractionofprecipitationinmeitingseasontoannualprecipitation．  
ア：mean air temperaturein meltingseason，也eわrm11ia forI）ongkemadiGlacieris  
Simu王atedto払emeantemperature払rprecipitationperiod．Toconsider払e＄imiiar・   
i（r of the formuIa fot・the mean tenlPeraturein whole111elting season and for the  
precipitatiorlperiod（Ageta，1983），也eformu量aisquoteddirectlyhere．  

¢r＝払（1－「α）十紺㍗」正作  

thusitsaltitudegradientcanbewrittenas：   

普ニ（トα）普鵬＆普十如ア3普  
一、 け′、t、  

（16）  仲妄＝毎900．  （14）  

In which払is theinitialsnow depthand h2is the  
thicknessofthesuperimposedicela）▼er．   

Inthecaseofsuperimposedieeformationatthe  
equilibriumline，the melting amountis 嘲＋l鳩，  
Whereasincase ofno superimposedice formed the  
nleltingamountis廿L．Bymeansofexpression（4）and  
（12－14），thefra（：tionKcanbededucedas：   

g＝1＋ぁ  （瑚  

Note，毎＝tIL；／廿L．＼＼′hich denotes th亡・fraction ぐ■f  
Superimposedice to annualsnow accumulationin  
lヽ▼．e．  

Fronlequation（15），One Can eaSil〉▼deduee that  
K＝5／3＼＼加nmeltedsnowlayerhasbeencompletely  
transitedintosuperimposediceり賎＝柿も），WhileK  
Icorrespondstononesuperimposediceformed（柿ち＝  
0）．  

C）Radiation  
VmenELAchangestoanewposition．thediffer－  

ence of net rIadiation at new ELA and forTner One  
COnSistsoftwoparts．Oneistemporalvariation（挽），  
andanotherisspatialvariationcausedbyELAshift  
（聯QJ∂わ）．The first oneis natura11y caused and  
Willbe taken as an elenlent f（一r SenSiti＼Tity examina－  
tion，bence，Onlyspatiaivariationhastobeparameter－  
ized  
勒enanegative蔦uxisdefinedasitleaves払e  

glaciersurねce，netradiationcanbeexpressedas：  

（17）  

inl＼11ich払is globalradiation．αalbedo．q Stefan  
－Boltzmanneonstant．e therelativeemissivitywhich  
is fixed at O．91according to Group ofTibetan Pla－  
teau MeteoTOlogicalresearch（1979）．   

Intheright－handofequation（17），ttlefourthterm．  
asanupwardlong岬WaVe radiationgradient，Can be  
COnSideredaszeroforthemeltingsurface．Thegradト  
eIlt Of albedo also can be neglected considering the  
less difft？renCe Of surface condition between forTner  
ELA and shifted ELA．  

Previousworksofheatbalancestudyonglaciers  
in Hig†rAsiashowthattheglobalradiatiotlgradient  
issmallatthe altitudeover35OO m a．s．1．（Bai．198軋  
Itisonlyabo11t17％ofmeanvalueinthefreeatmo－  
Sphere．Actually，Kuhn（1980）haspoint out that，in  
Variation of net radiation along altitude．only the  
ChangeofthelongMWaVedownwardradiationwiththe  
airtemperatureneedstobetakenintoaccount．Com・  
biningdi＄CuSSionmadepreviously，thegradientofnet  
radiation can be written as：  

∂隠／∂z＝4g♂rJ∂r／∂z  （18）   

d）Turbulent fluxesofsensibleheat andlatentheat  
Turbulentfluxcanbecomputedby：   
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Wllere F（T）is a function of air temperature．Con－  
SidcriI唱thatthereisnosuitablemethodtoparameter－  
ize6RHuptonow．itisnecessarytointroduceBowen  
ratioβtoparameterize8Qbyrelationof6q＝60s／  
β．Here．βisfixedtotht？aVerageValuethatcanbe  
Calculatedfrompreviousheatbalanceequations．  

Previous work has shown that t上Ie eOndllCtive  
heat Oronthegivetlglacicrsisverysmallcompared  
tootherenergyterms（KangiItL7［．、1992．Ohatact（1Z．．  
198O．Zhang（：J（7［．．1996）．Furthermore，theheattrans－  
fer whichcausedbyrefreezinghasbeen takeninto  
accotlntbyintroducingf；1CtOrlく∴therefore．6qTand  
∂Qc／az arenegligibleiIlthepresentalgorithm．   

3．Numerica暮results  

及ヱ．薫郡ぬ貼釣馴鹿＝偶成吼威紺町盛衰お  
Thet〉▼PiealvaluesofsonlビparameterSuSed for  

thepresentcalculationareshownin Table2．These  
Valuesarequotedfrompreviousstudiesontherelated  
glaciers（Ageta，（f‘l［．．1980；8ai‘：t（ll．，1988；Kang  
a［．，1992）．Thedatawereobtailledpartl）’fromenergy  
balanceobservationscan・ied（1utOIlelevationshigher  
thanmeanELA．paT’tlyfromlowereleヽ▼ations．These  
TeSLll【sw川beextendedtothewholeelevationranges  
oftheglaeiersinthecalculatiollSby meansofequa－  
timlSl18卜（22）．   
Itshouldtx？pOintedoutthattheもvaluesusedin  

presentworkwasquotedfromtheobservedresultsoIl  
glacieraccumulationzone．Itiscalculatedastheratio  
ofsuperimposedicetotheaIllltlalsn（一WaeCumulation  

払＝α夷（ア－㌫），  （19）  

毯＝0．622£ジ赦（（ぞ－ち）／ダ）．  （28）  

Whereα．and aL are bulk heat and vapor transfer  
COeffieientrespectively，Tatld7ミareairtemperature  
above and on the surface of glaciers．Lland（：s are  
vaporpressureaboveandotlSurfaceofglaciers．Pis  
airpressure．   
lnthemeltingseasons．the TkandどsareaSSumed  

to be at O ℃ and O．611hPa respectively．Such  
assumptionislleCeSSary for the ealculation and has  
been frequently used in the modeling work on the 
glacier surfaces（KuhIl，1989；Oerlemans．1992）．  
AnotherassumptionisperforlTledonreIativehumidity  
（RH），WhichisconsideredtobeindependentofaltiA  
tudeontheglaciersurface．  

Thebulk transfercoefficient．α∧alld aL areCOn－  
Sidered to beindependent of altitude．These values  
have taken to be a constant for modeling studies  
（Oerlemans．1992）．αhandαL．therefore．arecalculated  
accordingtopreviouseIlergybalanceresultsoneach  
glaciersinthepresentstudy．  
Onthebasisofanalysesmadepreviously，One・ean  

ParameterizethesensibleheLatinthefo11owingforms＝   
ぬ＝αゐ♂γor普＝αた普，  （21）  

as forlatent heaL the spatialvariation can be par・  
ameterizedby：  

、■ニ ニ 
三二 ーー・∴二∴ご －  

Tableコ．SonlビdlaraCteris［icヽraluesol＝IleStlldiedglaciers〔】ft1igh－Asia  
DongkemadiGlacierNo．1 “Julyl”   Glacier  

（；1acier  AXOl11－  Glacier  
390ユ4N  27042N  
99¢45E  86034E  
ヰ67（1  5：三（10  

2．98  0．57  
3．＄u  l．7（1  
12  p（）  

0．90  0．00  
0．封  3．26云一¢．34  
一月．30  －」＝H一札33  
0．15  0．い0  
0．いい6（i  （l．州60  
413  1600  
69，7  80．0  
い、0  1．1  
67  82  

33004N  43006N  
92005E  86◇49E  
5600  48冬9  
1．77  1．83  
2．鮒  2．20  
61  71  
仇26  0．10  
い．52  1．49－l．州  
一0，33  －0．31、－0．96  
n．47  0．22  
0．0086  ¢．0088  
845  65（i  
7二ご．5  65．8  
一・1．4  －0．5  
77  65  

Location   

MeatlELA（m a．s．l．）  
are象（km2）  
Lenがh（km）  
T（da）▼S）  

kz  
仏（MJ／m2dき  
窃（MJ／m2d）  
∂ぺ；／′∂こ（nlnl／Ill）  

∂Tノノ∂ヱ（K／ml  
蝕婁＊（mm）  
ぶ（％）  

T＝（で）  
尺〃＝（？云）  

●二Thedata aiterAgetこl，（l錮3）．Ohata t：ILI／”（198O）andKa〉7aStha．（199丑  
‥∴Average＼・alueforI¶eltir唱SeaSl）n．   
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maxiIⅥumValueof戊首プ貌iscaiculatedo‡i“Julyl”  
Glacierlocated on the most exterior region of the  
Tibetan Plateau．  

The relevant studies have been condu（：ted on  
HintereisGlacierintheAlpsbyKuhn（1989），andon  
theGreenlandlceCapbyAnlbach（19さ5）．Resultsfrom  
Hintel・eisGlacierrevealedtbat65msbiftoftbeELÅ  
COrreSpOnds toIK changein an annualmean air  
temperature，and－35mshiftoftheELAto100mm  
changeofannualaccumulation，and130mshifttoa  
netradiationchangesoflMJmJld‾1．Onthe GreenT  
landIce（ごap．the8H／6Tand♂H！6FミTWerビCalctllated  
tobe87．5m／Kand－48，6m／100mmresp∝t毎eiy．T壬Ie  
valueofdH／8Q，OnHintereisGlacierisabouttwoor  
three time＄largerthanth0紀fromglacier＄in High  
Asia．Thisis probably attributed to the seasonal  
differenceinprecipitationdistributionbetweenthese  
とWO typeS Of g王aciers．Higher albedo resuited fro王n  
large amolユnt Of precipitationin melting seasonsis  
undoubtedlyresponsibleforthedecreaseof dH／6Q，  
ValuesinHighAsiaLglaciers．   

ヱま乃どぶg乃ぶ才紡砂 q7タ棚 あαお乃α あ 7噂β犯ぶg わ   
〔、／f仙J〟｛亘k血血湘  
Mean specific mass baiance was found roughly 

COrrelatedwiththeELAinalinearrelationshipbythe  
expressionasbelow：  

β＝偽＋あガorinanother払rm∂β＝あd汀．（17）   

Here，偽andあarecoefficient．Equation（17）makesit  
possibletocomputethesensitivityofmassbalanceto  
Climaticfluctuation．Thecomputedresultsarelisted  
OnTable4，Whichbasedonthereportedmassbalance  

Withunitofw．e．ThevaluビOfk。On‥Jul）Tl”isabt10r－  
mallyhigh，theresultswereobtainedbytheinvestiga－  
tioninsummerof1995．Ithasbeenreportedthatthe  
SnOWlayerswasalmostcompletelytransitedtosuper｝  
imposediceon“Julyl”Glacier（Ⅹie，1988）．  
Onthegivenglaciers，themeanairtemperatureat  

ELAinmeitingseasonsareeqtユalorloⅥrertbarlO℃  
exceptonGlacierAXOlO．Itisattributedtotheeffect  
Oftheregionalclimaticregimethatiscontrolledby  
monsoonclimate．Asmentionedpreviously，muCh of  
the precipitation on the glaciers occurin melting  
SeaSOnS．Tムeairtemperaturewoulddecreasetomuch  
loⅥrerlevel払anO℃sinceoneⅥreat‡lerSyStempaSSeS，  
thenthetemperaturewillgouptohighandsustained  
to another weather system comes．Therefore，the  
ablationoccursinmeltingseasoneventhemeanair  
temperatureisbelowO℃．   

β．2了協e sg花S露ゎ妙（〆属乙A毎夕嘩β乃∬わ c勤汝  
ノ払c加α≠わ俗  

According to the parameterizations described，  
equation（7）can be soIved forindividualclimatic  
fluetuation scen；lrios．The calculated ELA shifts  
under the different climate fluctuation scenarios on  
givenglaciersarepresentedinTable3．  

TheshiftsofELAontheselectedglaciersbehave  
quite differentlyforindividualscenarios．Themaxト  
mum8H／6ToccursonGlacierAXOlOwiththevalue  
of152．9nl／K、butits6H／6F㌔istheleastamongthe  
glaeiers with tlle＼′alue of9．O m′′1OO mm．The milli－  
mum dH／6T can be seen on the“Julyl”Glacier，  
whichisjustl／30fthat on Glacier AXOlO，butit＄  
dH／鴎ismaximumamongthestudiedglaciers．The  

Table3．Tbecalculati一喝reSul短OfsbifとOfEIノÅrespく〉nさetOCiimatic蝕王C如a如nonglacierso壬Higb  
ⅦA＄ia  

Dongkemadi Glacier  “Julyl”  Glacier  
Glacier  No．1  Glacier  AXOlO事  

脚／♂r（m／K）  58．2  85．8  52．1  152．9  
戯才／航（m／100mm）  －38  －29  】85  鵬9  
戯ぎ／絡（m／MJm‾2d‾l）  55．6  44．5  62．9  37．3  
畢：Tbedata sourcesameasTable2．  

Table4．Sensitjvityofglaciermassbalanceinresponsetoclimaticfluctuationon  
High－Asia  

Dongkemad主  Glacier  “Julyl”  
Glacier  No．1  Glacier  

∂ガ／♂r（mm／K）  岬181，9  －571．7  －13仇5  
dβ／吼（mm／100mm）  130  126  213  
∂β／♂¢r（mm／MJm‾2d‾1）  ¶173．8  －297．0  －167．2   
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Observationon払eglaciers（Liuβgαg．，1992；Pu1994  
；UNESCO，1996）．  
洗wascaiculated也atvalueof盛／ざronGlacier  

No．1is4．6，and3．3timeshigherthanthose obtained  
On“Julyl”GlacierandI）onkemadiGlaciercorrespon－  
dingly．Thevalueofd8／6Q，OnGlacierNo．1isalso  
highcomparedwiththoseobtainedonotherglaciers．  
Itisaboutl．9andl．7timeshigherthanthoseobtained  
from“Julyl”GlacierandDongkemadiGlacierrespec・  
tively．Thisresultmaybehelpfultoexplainthereason  
Whythereis such a differencein tendency of mass  
balariCeVar主atior主SbetweenGlacierNo．1and“Julyl”  
Glaciersince1958asshowninFig．2．OnGlacierNo．  
1，Wi払relative a王arge感情汀b11t Sma11∂ガ／銑  
Values，the cumulative mean specific mass balance  
reaches－4700mmw，e．from1958to1993．Conversely，  
themassbaianceon“JlユIyl”Glacierofsmall（鰐／6T  
butlargedH／航values，Variedmoresteadilyandthe  
Cumulativemeanspecificmassbalancereacbedabout  
2000mmw．e．during1956and1988．  

iceisformedbyaprocessinwhichitinvoIvesnotoniy  
theformationbut also the reLmelting of the super－  
imposedice．Suchprocesswiliconsumemoreenergy，  
and probably result in theincrease of ∂8／航．  
A110theTis attributed to tlle effect of the albedo on  
accumulationandablationprocessoftheglaciersin  
meltingseasons，   

4，Simu暮ation on G暮acier N0．1  

4．J15f桝鋸由fわ犯β乃ゐ怨ね毎∽／属乙Aざゐ折  
ThechangビSintheradiati（一11balance（（吋「）playa  

SlgnificantrolefortheELA shiftinresponse to cli－  
maticfluctuations．Unfortllnateiy，tberearefewlo喝  
Jterm net radiation or related observations that has  
beencarriedoutintheHighAsiaglaciers．Therefore，  
inthepracticaisimulationofELAshiftsinresponseto  
Climatic fluctuations on glaciers，6Q，WaS uSually  
disregardedandthemodelwassimpli缶edwもenitwas  
usedforsimulationonhistoricalELAvariations（Ker－  
∝bner，199払   

Inconsiderationofdataavailability，theGlacier  
N（1．1at thelleadwater of UrumltqiRiver．Tianshan  
Mts．，Chinawasselectedasanexampleforsimulation  
byusingtheproposedalgorithm．The massbalance  
measurementaswellasmeteorologicalobservations  
atthenearbyMeteorologicalStationofDaxigouon  
3549m a．s．l．have been carried ollt from1958up to  
now．Furthermore，Short－termintensiveglacial－mete－  
OrOlogylnV銭t短ationsin tbe melti喝SeaSOnS Were  
CarriedoutneartheELAin1958，1982，and1985山1988  
respectively．Theparametersrequiredin the model，  
therefore，Canbecalcuiatedreasonabiy．  

Themeansummerairtemperaturesontheglacier  
Were taken from data onI）axigotlStation and  
extendedit to the position of ELAwith constant  
gradientwhichiscalctllatedas8．88KflOOmwiththe  
longtermdata．Similarly，annualprecipitationatELA  
WaSObtainedbytakingitsgradientwithaltittlde（22  
nm／100m）andcatchratiooftheprecipitationgauges  
into accounts．As forthe ratio of precipitationin  
meitingseasontotheannualamount（S），thetempo－  
raryvalueswereusedinthemodelregarding toits  
SenSitivenesstotbeclimaticchanges，andvascalctl－  
1atedforeachmassbalanceyearsseparately．  

Toachieveoptimalresults，SummerairtemperaE  
turedeviation6Tlandannualprecipitationdeviation  
戯霊atELAofGlacierNoicanbecalculatedas：  

が「ヱ＝（r一宇）＊0．泊8，   
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Fig．2．Cumulativespecificmassbalanceforwholeglacier  
areaonGlacierNo．1andon“Julyl”Glacier  

T壬Iedifねrentresponseof払eglacierstoclimatic  
fluctuation might be partially resulted from their  
Characteristic energy exchange processes．An evi－  
denceisthebulkheattransfercoefficient（αh）．Ⅴalue  
OfαhOnGlacierNo，1isas4timeshigherasthaton  
“Julyl”Glacier．Tbatmeanswitbsametemperature  
COndition，the surface of Glacier No．1can receive  
more heat for melting from turbuユent transfer than  
thatof“Ju］yl”Glacier．   

‡tis wortbⅥrhile to mention that tbe calculated  
d8／航valuesforthestudiedglaciersarehigherthan  
lOO mm／100mm as whole，eSpeCially on“Julyl”  
Giacieritreachesto213mm召00mm．Itisprobaも1y  
CauSedbytworeasons．Oneisthatthesuperimposed  
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ples，forGlacierNo，1，aretakenfromthedataof1958  
－1993 0n Daxigou MeteorologicalStation at  
HeadwaterofUrumuqiRiverTianshanMts．，China．  
According to results represented on Table3，  

Changesneededtocausea100mshiftoftheELAon  
tbeGlacierNo．1arecaiculatedas：  

∂ア＝1．2℃，銑＝3封巨mm．  

Tlle mean Slユmmer air temperatureヂandits stan－  
darddeviation5TatELAfrom1959－1993，Whichare  
Calculatedby extensionofdata onDaxigou Station  
aS：  

㌘ニ洲0．5℃，andすアニ0．57℃．  

The mean annualprecipitation P。andits＄tandard  
deviation鴎 at ELA from1959－1993，Which are  
calc111atedbyextensionofdata onDaxigouStation  
aS：  

島＝624．0王1ma‡1d琉ニ52．3mmor8．4％．  

Comparingt壬Ie♂valtleStbatarereqlユiredforal00m  
shift of the ELA to the respective deviations，We  
have：  

♂r庸ア＝2ユ and 航／鴎＝6．4．   

Since6T／qTislowerthan航／疏，aSWeeXpeCted  
thechangeismorelikelytooccurintemperaturethan  
inprecipitation．OnHintereisGlacierintheAlps，it  
vas dedtlCed tbat tbe corresponding軋ICtuationis  
morelikelyin払eacこumulationtba11tbaもint壬IeSt昔n－  
merairtemperahlre（Kuhn．198O）．  

Therearenodataねrtheotberglaciers．Previot王S  

鵡＝（晃一島）＊0．961，   

ThecoefficientofO．958andO．961wereobtainedfrom  
COmputationtechnique．Thedifferentialadjustmentof  
6T and鴎willhelp toimprove the correlation  
between obser＼でd and modeled ELAs．  
Figure3仙1StTateSthesimulatedresultsofELA  

variationsin response to ciimate fiuc餌ations on  
GlacierNo．1from1958to1993（observationwasinter－  
ruptedfrom1968to1978）．CalclユIatedcurveisfairly  
co‡1Sistent witb the observed one．The correlation  
coefficientbetweenthe observed andsimtllatedELA  
isO．90，Wbichmeansover80％oftbevariancebas  
beenexplained．   

J．ヱ刀山－（、り，油砧〟わIJすtイ′川／JJf＝イ（り〃七っJか／りⅢ一．4∫毎／チ  
Tbeflucttlationofclimaticparameters，SuCbas  

airtemperature，PreCipitationandradiation．isb（一u11d  
toleadthevaryingstateoftheglこICiers．rlllisvalTing  
StateOftheglacierswillbemanifestedinthevariation  
Of ELA and mass balance．In another words，the  
glaciersalwaysadjustitsstateinresponsetoclimatic  
fluctuations throughits energy，maSS and dynamic  
processes．Forglaciologicalstudies，itisessentialto  
understand how the ELA varies to respond to the  
Changingclimaticconditions．  

The probability analyses on occurrence of such 
fluctuations can be made through comparing their  
magnitude to tbeiong－term Variance of seasonal  
means．Sueh＼r；llues can be convenientl）・eStil11ated  
fronlair tenlPerature（T）in the melting peLriod and  
なomanntlalprecipitation（鳥）．TheわiloⅥringexam－  
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Fig．3．Simulationre＄ultsofELAonGlacierNo．1，TianShanMts．   
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SenSitivity of ELA to the ciimatic change on the  
glaciersinHighAsiaunderthegiobalwarmlng．But  
itsinfluenceisdiだerentdependingonglacierst   

ゑ之アねβ晦酔C才好甜郎∂昭ぬ乃0究鑑A  
Table5showstheELÅshiftinrespon＄e tO the  

cl主maticfluctuationwhentheeffectofevaporationon  
themass仙，energyLeXChangeregimesoftheglaciers  
WaSnegまected．  
T壬1eef毎ctofevaporationonEI。Asbiたismore  

COmplexthantheformationofsuperimposedicedoes．  
丑red11CeStbe措／♂rvaluesabout3…25％andraise  
thedH／航valuewith4－10％ontheglaciers．Mearlq  
wbiie，措／脇isincreased3－5％．   

二言．3．刀JtIハ）「汀んJ′Jい〃（！／‾ 爪リL 訪中／（－／／汀 〟川抽IJ′  
rT／〃ぃすJJりプ（、いり～（J／J／（川J  
The behaviors of ELA shi氏in respo‡l紀tO the  

eli111aticfluetuationswouldbビinfluencedblri【s；lmbil  
entatmosphereconditions．Figure4showsrelationof  
8H／6Tversusthemeansummerairtemperatureat  
ELA（a）anddH／航versusthemeanannulprecipita－  
tionat ELÅ（b）．Onthegiven glaciers，tbe戯才／♂r  
valuesincreasewiththe mean summer air tempera－  
tureatELA．Moreover，tbeabsolutevaluesof戯才／硫  
re即11arlYdecreこISeWiththemeallannulprEICipitiltion  
atELA．   

111Table6．thビCalculat（、d results of6H：；’6T and  
dH／dtL，WhichwereobtainedontheglaciersinGreen－  
iand，EuropeAlpsandHighmAsia，areCOmpared．The  
valuesof6H／硫areconvertedtotheunitofm／％  
insteadofm／mmforconsidering払eregio‡laldif紬㌻－  

studyshowedtbatprecipitationcontriblユ短dmuchto  
ELA shift on continentaトtype glacier（Ren，1988）．  
Actua11y，払ereex主stsquitecomplexrelat主onamong  
airtemperature，PreCipitationandglacierfluctuation－  
The studyin the NepalHimalayas shows that the  
glaciersareiikelymoresensitivetoairtemperature  
幻uctuations（Ageta，1983a）．   

5．Discussion   

反エ7職ヲ感触ゴq仁殉職鋸南澗＝ダ5頑励め増血漉才ゐgα  
乱Aぶゐ節   
It has been reported that the superimposed ice 

playsasignificantroleintheglacierfluctuationon  
TibetanPlateau．Therefore，itisimportanttoknow  
how払es11膵rimposediceまnfltlenCeStheELAs圭Iifti】】  
responsetotbecli王naticfluctuation．H（〉WeVer，dtletO  
thelimitation ofthe present algorithm，We Can nOt  
disctlSSitwithaphysicaieqtlation，Here，thesensitiv－  
ityofELAtotheclimaticelementswasrecalculated  
disregardingtheformationofsuperimposediceand  
comparedittorealresults．Thecomparisonbetween  
themisgiveninTable5．  
Fromthisstudy．itisclビarthattheformatio11Of  

stlPerimpo＄ediceplaysasignificantroleonELAshift  
in response to tbe climatic幻uctuation，eXCept for  
AXOlOGlacieronwhichthesuperimposediceforma・  
tionisslllallfornled（Ageta（，／（l／．．19Sn．Thef（）t111こIL  
tionofsuperimposedicereducesthe dH／6Tvalues  
about6－31％，a‡ld感冒／穐valuesofabol止2－28％．  
ConverselyitraisesdH／（吼valuesby121－34％．Conse≠  
quentl〉T．theformationofstlpビrinlPOSedicビreducesthe  

Table5．Theeffect＄Offormationofsuperimposedice（FSI）andevaporation（Eva）oriELA   
Shi尭val11eSOfglaciersonHighAsia  

Dor噛kemadi  Glacier   “Julyl”  
Giacier   No．1   Glacier   

痴情汀   Resuit   58．2   85．8   52．1   
（m／K）   DisregardFSI  69．5   9仇8   6臥2  

difference  －11．3（－19％）  －5．0（－6％）  －16ユト31％）  
Disr瑠ardEva  59．7   91．8   65．1  
difference  －1．5（－3％）  †鋸＝－7％）  13（－25％）   

痴情吼   Result   －42   －29   ¶…85   

（m／mm）   DisregardFSI  －37   －19   叫64  

differe‡lCe  5く12）   10（34％）   21（24）  

DisregardEva  －40   26   －32  
difference  2（5％）   3（10％）   3（4％）   

dだ／∂Qタ   Result   55．6   44．5   62．9   
（m／MJm2d）  DisregardFSI  62＿1   45．4   80．3  

difference  －6．5（w12％）  －0．9（－2％）  －17．4（叫28％）  
DisregardEva  54．ま   42．3   60．8  
diffeT－enCe  1．5（3％）   2．2（5％）   2．1（3％）  
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estimationoftheELAshiftcorrespondingtoairtem・  
peratureincreaseoflKandprecipitationincreaseof  
20％．ItcanbeseentbattbeEI。Afluctuatesdifferent・  
l）・for the respectiヽでglaciersin the world tlIlder the  
same climatic change scenario．On the High－Asia  
glaciers，thedifferenceinELAshiftreaches136m，  
wbile，払ediffererlCeinELÅsbiたsinresponsetothe  
ciimaticflucttlatior10ntheglaciersinEuropereaches  
69mTheresultsdelineatereglOnaldiversityofgla・  
cierfluctuation，Annualprecipitationhasundergone  
shorttermfltlCtuationabout8．4％inTianshanMts．  
since1958，もutabout38％inÅustdaÅ1psfrom1969  
－1978（Kuhn，1980）．Tbe net accumuiation bas  
fluctuated aboutlO％on GreenlandIce Cap since  
550A王）（ÅmbacbandKⅥbn，198乳  

6．Concludingremarks  

On the basis of the prest、Ilt Studr．some prelimi－  
naryconclusionaboutELAfluctuationinresponseto  
climatic change on glaciers of High－Asia can be  
drawn：  
しいThea】gorithmde＼でlopedforsimulatingtheELA  
ShiftinresponsetoclimatieflucttiationisappliY  
cable to the glaciers of High－Asia，anditis  
demon＄tratedbyaconvincingexampletbatpeト  
formed olltheGlaeier N（1．1at the Headwaterl）f  
UrtlmuqiRiver，Tianshan．Tbefiuctuationof払e  
ELAis predictable from precipitation and air  
temperaturei‡lformation．  

（2）In the preserlted model，that the ELÅshiftsin  
responsetoclimaticfluctuationcanbe＄imulated  
by the algorithm couplingthe energy and ma＄＄  
budget r曙imes ontbe glaciers．On払e studied  
glaciersin王まigb仙Åsia，tbe ELÅsbift can be  

▼15   －1，D  ・8．S O．0   0．5   1．0   1．5  
■ill叩rilmtCI  

pro¢ip托ation（mm）  
15（氾  2∝氾  0  獣泊  1∝抑  

0．∝〉  

よ  
馴00  

吟 喜  

一1∞．00  

●   

AXOlO   （bI  ●N0．1  
●D¢咽鹿m象d蔓  

●J吟1或  

Fig．⊥ Thp■11t▲rビ】atjいTl（－f♂廿7げr＼■こIIuぐt（一山ビS11111】11er  
meanaiTtemperatⅥreatELA（a）and戯ざ／鴎totbe  
meanannualprecipitationatELA（b）．  

enceofclimaticfluctuation．TheshiftofELAbehaves  
verrdifferpntinresponset（1theclimaticfluctuations．  
T壬1eValueof虚子／♂r onGlacierAXOlOisas2times  
higherasthatonGreenlandicecap．Itisworthwhile  
tomentionthatlargedifferellCeOf6II．／6TocctlrSOn  
Higb鵬Asia g王aciers．TIle】argesもずalue ofぷ才プ腕  
occurs on Greenlandlce Cap，On Which the annuai  
accumulation was estimated to be450mm（Ambach  
alld Ktlhn．19醐）．  
UndergloもalⅥraming，itistbol唱httbatairtem・  

peraturerlSlngisgenerallyaccompaniedwithpreclplL  
tationincreasing．Such climatic fluctuations wi11  
resultinもWO typeS Of contrary effects on glaciers’  
fluctuations．Tbe5偽coIumnin Table6gives tbe  

Table6．ComparisonofsensitivityofELAwithrespecttochangesintemperatureandprecipitation   
ondif短rentとypesofgiaciers，5tbcolu王mimplyingtbattあeELAsbiftasairtemperaturerisesof   
lKandprecipitationincreaseof20％，  
Glacier  Location  躍／6T  6H／♂Pa 6H一許諾晶％  Reference  

（m／K） （m／％）  
－：ミ．5  －－1二≡  1’tlis＼ヽ・nrk  

－3．5  側8  This work 
－1．8  49  This work 
－1．4  124  This work 
－6．7  叩26  0erlemans，1992  
－6．8  wl Oerlemans，1992  
－5．2  6  0erまemans，1992  
－4．1＊  43  Kl血n，1980  
－9．9寧  －12ま  Ambach，1989  

Dollgkemadi  Åsia  58．2   
“Jtliyl”  Asia  52．ユ  

GlacierNo．1  Asia  85．8  
AXOlO  Asia  152．9  

Hellstugubreen  Europe  lO8  
Alfotbreen  
Nigarsbreen   
Hinteris  
Greenland  

Et汀Ope  135  
Europe  llO  
E11rOpe   125  
Greeniand  87．5  

零：TbenumberareimplyirlgtbeaIlnualacclユmt11ation．   
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