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Abstract  

Repeated surveyS for＄ix trarlSVerSe Surface profiles on the debris～COVered ablation area of  
LirungGlacier，Nepal王iimalayas，reVealthattheglaciersurfacehasloweredfrom1996to1999．The  
averageamualrateoftbesurfacelowerirlgisevaluatedtobeinara喝efromlto2ma≠1．Tbe  
emergenceveiocityisalsoestimatedtobeaboutO．2ma嶋10naVeragefortheablationareaプuSing  
Surfacefiowandicethicknessぬta．Arelationwithmassbalanceinthecontinuityeqtiationroughly  
SuppOrtStheseresuまts．Thesurねcel（）Weringiss喝geStedtohaveacceleratedpossibiysinceiate1980s．  
Inaddition，theloweringrateisdiscussedincomparisonwiththoseonotherglaciersintheNepal  
Himalayas．  

1．lntroduction  

Seaieve王rise accordingto giobalwarmi喝bas  
recent毎beenvorriedasgioもalissues．Forassessing  
Changesintheglobalseaまeve王，Variationsofmountain  
glaciersareimportallt．GまaciersintbeÅsianbigbiand  
regionsincltldingthe王まimalayas，aSⅥ7e11asinAlaska  
and Patagonia，are eSPeCialiy considered to make  
Cri七重calcontributionstothesealevelrise（Meier，19朗；  
1野a汀羞ck g才αg．，199乳Tbe Himalayan glaciers are  
C王1araCterized by being summer－aCCumulation type，  
Variationsofwi1icharemuchsensitivetochangesin  
airtemperature（e．g．Ageta，1983；Naito et al．，2001）．  
Recent observations have acttlaily ciarified many  
glaciersin也e‡iimalayastobesbrinking（Ågeta gg  
al．，200ユ）．Moreover，therecentshrinkages of small  
debris－freeglaciersintbeNepalH主malayasarecon｝  
Sideredtoberelativeiylargeintheworld，inrelation  
totheirmassbalanceamplitudes（Fujitaeiai．，1997）．  
Tbeabiationareasofmostlargeglaciersintbe  

Hi‡Ⅵalayasarecoveredw主tb洩icksupraglacialdebris．  
Shrinkages of sucb debris－COVered glaciers bave  
CauSed generation of many glaciallakes，Outburst  
floodsofwhichhaveoftendamagedlocalvi11agesin  
the Himalayan countries（e思Yamada，1998）．Itis  
difficult to detect the shrinkage of debris－COVered  
glaciers，however，because the glaciers have much  
rlユggeda壬1dnon仙uniformsurぎaこeSandsosurveysare  
reqlユiredonwiderareasthanahneorpointson汰e  
surfaceatleasttwotimes．Suchdetailedobservations  
haveeverbeenscarceintheHimalayasduetopracti岬  
Calreasons．Tbeく）nlydebris－COVeredg王aciertbatbas   

previouslybeenobservedforitsdetaiiedshrinkageis  
Khumbu GIacier，NepalfIimalayas（Kadota et alリ  
200吼Morestudieshavebeenstronglydesiredonthe  
Shrinkages of debris－COVered glaciersin tbe  
Himalayasチbecauseoftheirimportanceforthesocial  
problemssuchastbegiobalsea王evelrise，tbeglacier  
lakeotltburstsandlocalwaterresources．Thepresent  
Study，thus，eXamines shrink喝e Of LiruⅥg Glacier，  
another debris－COVered glacierin the Nepal  
tliI11；llayas，之Indpt‾OVidestherelateddiscussions．   

2．Surveys  

TheLirungGlacieris王ocatedirlLan離angVailey，  
abotlt60km north of Kathmand11，the capitalof  
Nepal，a＄Sbovnin Fig，ユ．Its accumuiation area  
Spreadsontぬesteeps王opeeastvardofMt．Langtang  
Liru‡唱（7227ma．sふ），anditsdet〉ris－COVeredablation  
arealiesbeneathanicefall．Theaccumulationareais  
aimostimpossibietoaccessduetoitssteepness and  
frequentavaiancbessothattopographicaisurv野S永汀  
evaluationoftbeglacierfluc紬ationhavebeenlimited  
on the ablation area．  
Aokiand Asahi（1998）previously surveyedthir－  

teen transverse profiies on tbe ablation areain tbe  
Springof1996．Sixprofilesamongthem，thelocation  
Ofwb主cbaresboⅥ昭まnl～ig．ま，WerereSurVeyedintbe  
periodfromAprii27toMay4，1999，In汰e＄ury野，a  
digitaltheodoliteandalaserdistancemeter（SOKKIA  
SET2000）wereusedatbenchmarks，Whichhadbeen  
fixedo‡lSteadyrockson汰el融eraimoraineridges，  
and a111irllOrⅥ▼aSこIt SurVerビd poi11tS On the glacier   



42  Buiieti王iOfGlaciologicalResearcム  

Surface．Thesurveyedpointsin1999amountedto165  
in total，Which resultedin27．5points along each  
transverseprofileonaverage，andtheaveragespaclng  
Oftbepointswas14．2m．Tberesurveyin1999was  
Carriedoutoneachtransverseprofilealongaspecific  
horizontaidirectionfromthesamebenchmarkforthe  
1996survey as describedinAokiand Asahi（1998，  
Table2）∴Usingthesurveydatainthespringof1996  
and1999，WeeXami王1ed払ecbangesinthesixtrans－  
VerSeprOfiiesduri‡唱tbethreeyears．   

3．Results  

Thesurveyedprofilesofthesixtransverselines  
in1996a11d1999areshoⅥminFig．2，andtbeanntlal  
rate of verticalchangein the profiles during the  
period are calculated as showninFig．3．Here，the  
ShadedpartsoftheprofilesinFig．2havebeenomit－  
tedinthecalculationfortheannualrateinFig．3．The  
shaded Lateral parts except a middle part of the 
ProfileKarenotglaciersurfacebutsideslopesofthe  
lateralmoraines．Themiddle part of the Profile K  
COuldnotbesurveyedduetotopographicalinvisibility  

Fig，1，Topographicmapandiocationoft‡1eLirungGia－  
Cier．Namesofthesurveyedtransverseprofilesandthe  
usedbenchmarkscorrespondtoAokiandAsahi（1998）．  
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Fig．2．ChangesofthesixtransverseprofilesontheablationareaoftheLirungGlacier．Locationsoftheprofiiesaredrawn   
inFig．1．TheordinateindicatesrelativeheightfromthebasepointinstailedbyAokiandAsahi（1998），thealtitudeofwhich  
wasestimatedto be about3974．5m a．s．1．Solid and dashedlines represent the profilesin the spring of1999and1996，   
respectively．Shadedsteeppartsnearlateralendsshowsidewallsofthelateralmoraines，Whicharenotglaciersurface．The   
othershadedpartinmiddleofProfileKwastopographicallyinvisibiefromthebenchmark．These鑓adedpartsareignored   
incalc11lationforFig．3andTaもiel．   
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Fig，3．Distributions of annualrate of verticalchangein the six surface profiles  
during1996to1999．Theratewascalculatedfromthesurveyedprofilesshownin  
ぎig．2，andarle宮ativevaluemeanssurfacelower呈ng．  

Profile  
M  L  〕K  H  G  

Tabiel．Verticalchangeaveragedforeach  
transverse profile on the ablation area 
OftheLirurlgGlacier－Thesymbolof△£   
indicatestもeperiodbetwee‡ltbesurveys   
i】ユ1996and1999．Tbe Azざand△zざ／△≠  
repre＄enモモbea王nOtlntandtberateofthe   
Verticalchange，reSpeCtively，negative  
Signofwhichmeanssurfacelowering．  
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FigA．The annualrate of verticalchange averaged for  
ea（：htransverseprofまie，SameaSCOmpiiedinTaもiel．  

fromthebenchmark．Surfaceloweringduring1996to  
1999is seen on averageねr eacb profile，alt壬101唱h  
SOme pOints appear to have moved upward．As the  
debris“covered surねceis mucb rt唱ged，tbe points  
movingapparentlyupwardsbolユIdbecausedbyc8甘ト  
VCX Surfaces flowing from upstream parts．Because  
SuCharuggedsurface flows，itisdifficulttodiscus＄  
the precise changes of each surface profile in this 
Study．  

The vertical change on each profile was aver- 
aged，aSS壬10WninFig．4andcompiiedinTabiel．‡n  
theaveraging，takinginconstant spacingof the suト  
Veyed pointsinto coIISideration，払e verticaまchange  
WaSintegrated aiongtransversaldirection arid t圭Ien  
dividedbythehorizontaldistance．Figure4andTable  
lrevealthattheaveragerateofsurfaceloweringon  
eacbtransverseprofilerangesroughlyfromlto2m  
a‾1，themeanvalueofwbまcbisl．5ma■l．   
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Ⅰ，irungGlacier．Ontheotherhand，Rana（1997）calcu－  
1atedthemeltingaveragedontheablationareatobe  
aboutl．2minamonsoonseasonwithahydroIogical  
modeloftheLirungGlacier．Naitoetal．（1998）previ－  
OuSlycitedthisvaluetobe qO．35m，butthecitation  
hasbeenfoundtobeincorrect，andhere，WeCOrreCt  
thevalue．Asaccumulationshouldbenegligibleonthe  
debris－COVeredareaandadditiorlalablationcot王1dl）e  
OCCurredin non…mOmSOOn SeaSOn，tbe annualmass  
balanceratewouldbeconsideredtobelessthan鵬1．2  
m a咽10n the ablation area．The discrepant mass  
balanceof－0．5ma…1betweenthisvalue（－1．2ma…1）  
andthepresentre如狛ト1．7ma－1）mightbeattributed  
totheadditionalabiationinnon－mOnSOOnSeaSOnthat  
WaS eXCludedin Rana（1997）’s calculation．As the  
discrepancyissmallcomparedwiththeresultedrange  
Ofsurfaceloweringinthepresentstudy，however，the  
present result could not conflictwith Rana（1997）’s  
Calcl点ation，Å氏er all，a relat至onin the continuity  
eql泊tionwolユ1ds噸geStぬeprese‡1teValtlationoftねe  
Surねceiowering and払e emergence ve王ocity to be  
rol喝blyadequate．  

Yamadaど≠αg．（1992）previously tried to detect  
ChangesinsurfacelevelontheProfileGfromsurveys  
in1987and1989，but cou王d not obtain remarkable  
OneS，Asahi（1998），On the other hand，reCOgnized a  
SurfaceloweringrateofaboutlmaJl，forthesame  
profilefromsurveysin1989and1996．Theseprevious  
resu旺s sbot王id be noted tわat班e st汀Veyi血ervaiby  
Yamada gfαg．く1992）migbt be not sufficientiylong  
and tbatbot壬1tbe previot呈S Studies werelimited on  
Only one transverse profile．These previous results  
and the present one，neVertheless，WOtlld suggest a  
possibilitythattheglacierwouldhaveturnedfroma  
Stationarystateintheiate1980stoashrinkingonein  
the1990sandtheshrinkagewotlidhavebeenacceler－  
atedduringthe1990s．Ifthisaccelerationtendencyof  
theglaciershrinkageisactual，itwouldcorrespondto  
those observed for other glaciers in the Nepal 
Himalayas during the1990s；that on the debrisでCOV－  
eredab王atio王IareaOfKbumblユGlacierくⅩadotaβオβg書，  
2002）and蝕ose onぬree smalldebris－free glaciers  
（ぎ湧ita♂≠戊gり1998，2001a，2001軋As the previo11S  
Studies for tbe Lirung Glacierinclude the above－  
mentionedproblems，however，thetendencyofglacier  
ShrinkagefortheLirungGlacierneedstobecarefuily  
reconfirmed．  
Table3summarizes the surfacelowering ratcs  

Observed onglaciersin the NepalHimalayas．The  
presentresultfortheLirungGlacierseemssimilarto  
the rate obtained for t‡le Kbumblユ Glacier．Tbe‡1，  
S主mple compariso王IWitぬthe ratesmeast汀ed for tbe  
other払ree debris血free glaciers wol11dimply tbaも  
蝕0＄eねrbot王Ithedebris－COVeredLirt王ngandKbumbu  
Glaciersmigbtberatherrapidintbe1990s，Ånatten－  
tionshouidbepaid，however，tOthattheratesforthe  
debris－COVeredglaciers are evaiuated only on their   

4．Discussions  

Considering glacierice to beincompres＄ible，  
Changesinsurfacelevelofaglaciercanbeexpressed  
bythefollowingcontinuityequation；  

＝行  
（l）  

Vberegisglacierthickness，あismassbalanceinice  
equivalent，Wisglacierwidth，Qisicefluxthrougb  
atransversecrossMSeCtion，andxindicateslongitudi－  
naldistancepositivedownstream．ThelastterminEq．  
（1）representsthatcompressive／extensiveflowcauses  
toincrease／decreaseglacierthickness．Thiseffectis  
SO Called emergence／stlbmergence velocity，Glacier  
flow on an ablation areais normally compressive．  
Naito et al．（1998）have previously estimated the  
emergencevelocity，We，Onthe ablation area of the  
Lirtlng Glacier from surねce flow meastlrementS，  
usingby洩efol王owingequation．   

紗g＝一意普＝－‡意［ガ（払一志払）］（2）  

Whereこちand払indicatetransversallyaveragedflow  
Speedsong王acierstlrfaceinawholeyearandwinter  
SeaSOn，reSpeCtively，andnisaparameterintheflow  
lawofice，Whichisgenerallyconsideredtobe3．The  
requiredassumptionstoobtainEq．（2）are；aparabolic  
SilapeOfatrar‡SVerSeCrOSS－SeCtiorl，aun猿）rmSurface  
Widtb，alaminarflowandaneglig主blebasalslidingin  
Vi鵬ersea§On（Naito g夏βg．，1998）．Forglacierthまck－  
ness，H，inEq．（2），uSingitsmeasurementwithradio  
ecbo－SOun血喝SbyGades創㌧扇．（2000）i王1Stead ofits  
estimatefromlarninarfiowtheories，We reVisedthe  
previ0useStimateoftheemergencevelocitybyNaito  
etal．（1998）asseeninTable2．Therevision‡eadsto  
aboutO．2ma鵬10ftheemer嘗enCeVelocityonaverage  
fortheablationareaoftheLirungGlacier，Whichdoes  
notmuchdifferfromthepreviousestimate．   

Table2，Btimat毎nofem訂genCeVelociとy，紆酌On払eablation  
areaoftbeLimngGiacier，basedonEq．（2），Glaciertbick叫  
ness，H，isgivenafterradioecho洲SOundingsbyGadesetal．   
（2000）．Transve柑a11yaverageds11rねcefkwspeeds，こちina  
Wboleyearandこ㌔inwinter，arerefe汀ed from tbemea－  
surements and estimaモe＄，reSpeCtively，by Naito β才 αg．   
（1998），Whodefinedthewintertobenon－mOnSOOnSeaSOn  
fromOctobertoMay．Thesymbolof△xdenotesiongitudi－  
naldistancealongthecentralflowline．  

Profile  ガ（m）こん（ma‾1）こら（ma‾1）△∬（m）  ひβ（mawl）   
M  
G   1810   軋24  

Inthecontinuityequation，thepresentresult of  
tbemean－1．5ma【王ねrtbecbangeinsurfaceievel  
a‡1d the revised estimate of aもout O，2m a‾1for tbe  
emergencevelocityshouldleadto about－1．7maMl  
forthemeanmassbalanceontheablationareaofthe  
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Table3．ComparisonofannualratesofsurfaceloweringobservedonglaciersintheNepalHimalayas．The   
ioweriれgrateSareShowninicee（まⅥivalent．Codeieととersfortheglaciertype（〉fDandCmeandebrまs－COVered   
anddebris鵬free（cleantype）glaciers，reSpeCtively．Numberedremar・ksindicatekindsofthetaTgetedarea＄  
Wberet壬IeSudaceloweringⅥraSdeとectedas；  

拳1：OnlyaparもOfat〉1ationarea，  
＊2：ablationarea，  
’3：Wholeglacierareaincludingaccumulationarea．  

Annualrateofsurface  Glaciername  Period  Datasource   王oweri咽（ma≠り   andremarks  
Lirung  1987“1989   （notremarkable）   D，＊1   Yamadaggαg．（1992）  

1989－1996   aもoutl   D，＊1   Åsabi（1998）  
1996－1999   1－2   D，＊2   thisstudy  

Khumbu  1978－1995   0．3－1．1   D，＊2   Ka（】otae≠αJ．（2000）  
1995仙1999   abotlt 2 い，◆1   Kadotag£αg．（2002）  

ÅⅩ010  1978－1991   0．75   
1991－1996   1．21   C，＊3   ］Kadota囲  
1996－1999   0．86   

Ya王a  1982－1994   0．31   
1994－1996   1．05   C，＊3   F11jitaどょαg．（2001a）  

RikhaSamba  0．63   C，＊3   F房itag～αJ．（ユ997）   

ablation areas．For more exaet cornp；1rison之Illd gen－  
eraldiscussion on the giacier shrinkagein the  
Iiimalayas，thestatesonaccumulationareasoflarge  
debris†COVeredglaciersshouldbetakenintoconsider－  
ation．  

5．Conc山dingremarks  

A surface lowering was detected on the debris 
血COVeredablationarea oftbe王ノirt】‡唱Glacier，Nepa王  
Hima王ayas from1996to1999．Its annualrate was  
evaluatedtobei11arange董roInlto2ma‾1．Usingtbe  
previousmeasurementsofsurfaceflowspeedsandice  
thickness，aneStimate ofemergencevelocity on the  
ablationareavasrevisedtobeabotltO．2ma‾1．Tbese  
results of the surface lowering and the emergence 
VeiocitycotlidberouきかIysupportedt主IrO喝barelation  
With mass balancein the continuity equation．Then  
the surfaceloweringmight be accelerated since the  
late1980s，thoughtheaccelerationtendencyshouldbe  
Carefuま1yverified．Therateofsurfaceloweringonthe  
ablation area of the Lirung Glacier seemed to be  
si111ilこIr tO that forlくhumbu Glacier．こInOther de・bris  
仙COVeredglacierintheNepalHimalayas．Moreover，a  
simple comparison with the rates for small debris 
イ柁eglaciersintheNepaiHi王nalayascotlldclassify  
thoseforthetwodebris町COVeredglaciersasrelatively  
rapid．   
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