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Abstract  

SurfaceflowvelocitiesontheablationareaoftheLirungGlacierwerecalculatedfromtheresults  
OfsixsurveySSince1989to1996．Theannualflowspeedswereabout6ma山10ntheupperpartofthe  
ablationareaneartheicefallandthesummerspeedswereaboutoneandhalftimesfasterthanthat．  
Around2kmdownstreamfromtheupperpart，theannualspeedsdecreasedtoabout2ma‾1andthe  
SummerSpeedswerealittlefasterthanthat．   
Icethicknesswasestimated，uSingthelaminarflowtheory，tObeaboutlOOmormorethanthat  

intheupperpartandabo11t50minthelowerpartoftheablationarea．Therateofsurfacelowerlng  
WaSalsopreliminariiyestimated，tlSingthecontinuityequation，tObealittlelessthan20cma▲1on  
theaverageintheablationarea．  

1．lntroduction  

Variationsofmountainglaciersintheworldare  
importantforassessingthechangeinglobalsealevel  
（Meier，1984）．Glaciersin the Himalaya＄，eSpeCially  
are considered much sensitive to the recent global 
Warmingduetotheircharacteristicsofmuchsummer  
accumulation（AgetaandKadota，199礼Quantitative  
Studiesontbeglaciervariatio王1Sintbe‡iimalayasare  
thusimportan（and required forexami11ingtheeffect  
to globalsealevelcbange，也einteraction between  
glaciervariationandclimatechange，andthechange  
inlocalwaterresources．Becausemostoflargegla・  
Ciers are covered with debris on their ablation area  
andthedebris－COVeredglaciersaccountfor most of  
glacierareaintheHimalayas，itisneces＄arytOknow  
particularly about the debrisrcovered glaciers for  
discussing the whole glacier variation in the 
Himalayas．  

StudiesofglacierflowandglacierdyTlamicsare  
essentialtoquantitativestudiesontheglaciervaria－  
tions，becausethe variationsin surface profiles and  
terminalpositions ofglaciers are controlled by not  
Onlythe changesin glacier mass balance but also  
processes of glacier flow．Direct measurement＄Of  
glacier flow，however，are SO difficultin the  
HimalayasduetoぬecircumstancesstlChasremote－  
nessandbigbaltitudetbattberehavebeenonlysev・  
eralIⅥeaSllrementS SO far、Measureme‡itS Of floちV On  
debris－COVeredglac主ersinNepa王Hi汀ialayas，particlユ・  
lariyhavebeerlmade only onthe Khumbu and the  
NuptseGlaciers（KodamaandMae，1976）．  
Thisstudypresentsresultsofflowmeasurement  

made on the Lirung Glacier，Which was the third  
example for debris山COVered glaciersin Nepal  
Himalayas．TheLirungGlacierislocatedinLangtang  
Val1ey，about60 km northfrom Kathmandu，the  
CaPitalcityofNepal，aS Shownin Fig．1．Theflow  

＊Presentaddre法：LaboratoryofGeoecoiogy，Hokkai（王otTniYerSiとy，Sapporo，060－0810Japan   



と諺  Buliet主n ofGlacierResearcb  

uslng七重IeCOntiIluityequation．   

2．Surveys  

A topographicalmap of the Lirung Glacieris  
Shownin Fig．l．The ablation area of the Lirung  
Glacierisseparatedfromthesteepaccumulationarea  
andgiaciericeisstlpplied缶・Om也eaccumulationarea  
totbeal）1ationarea‡10tby払econtinuousgiacier点0V  
butbyavaiancbesovertbeiceね11．Sixsurveyscarried  
Out On the Lirung Glacier since1989to1996were  
limitedonlyontheablationareabeca11SeOfthedan・  
ger of avaianches asⅥrel王as tbe steepnessin tbe  
；lCCuniulation area．Tablelshows the tinle（）f thp  
SllrVeyS aS Weiまas tiie Sl汀Ⅴ野ed sites．T壬1e“upper”，  
“middie”and“lower”partsaredescribedastherela－  
tivelocation onlyin the ablation are乱 Surface  
markers，SuChasstakesandbolts，Werefixedonthe  
Supraglacialdebris，andtheyweresurveyedtwiceor  
moretimeswithacertaintimeinterval．Totalnt王mber  
Of tbe markers vas t昆rteen．Eac壬1SurVey VaS nOt  
carried out on allthビmこIrkers．The nuIllber【）f the  
effectivesurveyedpoints，Nin Tablel，meanS the  
nlユmberofthemarkerssurveyedateachtime．  

EverysurveyⅥ7aSCarried olまt Witha払eodo王i七e  
andaiaserdista‡1Ce王neteratabencbmark fixed on  
the ridge oflateralmoraine and with amirror at  
markersontheg】aciersurface．Atthebenchmark，the  
horizontal angle between the directions to another 
bench mark and to a marker was measured．The  
instrumentsusedatthesurveysareaIsodescribedin  
TこIblel．Tht？l11ininlum readingunitsin angleofthe  
払eodoiitesⅥrere One SeCOnd orles＄ぬan洩at，and  
thoseindistanceofthedistancemeterswereal11mm，  
Whichieadtothereadingerrorsinthesurveysasless  
也an4m乱But，Wi也an uncertaintyin setting払e  
instnlmentS at benchIllarks orlmark亡・rLS．the tt）tal  
a（：CuraCyOfa markerpositioni＄COnSidered a＄le岱  
thanlO cm．  

l←こ＝〔l川Ⅰミi  

Fig．1．Topographicalmap andlocation of the LiTung  
Glacier．  

Velocitieswerededucedfromsixsurveysontheabla－  
tionareaoftheLirungGlaciersince1989to1996．   

In additionin this study，ice thicknessin the  
Lirumg Glacier，Whichisindispensable for model  
Studies of g王acier variation，is estimated from the  
Obtained flow velocities．using thelanliIl；1r flow the－  
Or）・．TherIlteOfsurfa亡eloweritlg，Whichisthereslllt  
Ofablationcompensatedby the emergence velocity  
due to compressing flow and exact direct measure－  
mentofwbicbisverydif銭clユitbecalユSeOftheeだectof  
flowandthevery rug酢・dsurfacetopography．isalso  
preliminarilyestimatedontbeaverageまn払eablation  
area fromthe flow velocities and theice thickness，  

Tablel．Surveysforflowmeasurementsontheablationarea oftheLirungGlacier．Thesite   
indicatestherelativelocationonlyintheablationarea，Nmeamsthenumberoftheeffective   
SurVeyedpoints，andtbeinstrt‡me王ItisthatlユSedateachsurvey．  

ガIns加ment  
王 7Dec．1989  
ⅠⅠ21Jul．ユ994  
Ⅰ王王 4Sep．1994  
ⅠV18Jun．1995  
V 31May－19Jun．1996  
VI16－200ct，1996   

払elowerpart  
theupperpart  
theupperpart  
tbelowerparと  
thenliddletいthビl肌＼■erparls  
tbe11ppertOtheioⅥ7erparとS  

6 WildT2  
5 Wild T1600  
5 Wild T1600  
1 Wi王d T2  
7 SOKKIA SET2（）08  
10 SOKXIA SET2000   
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3．Results alld discussions  

J．J．伸一ヱ／由／（払わナか′かJJ（そ「ノア川㍗汀／り（二∫〟（－∫   
liorizontalflow speeds at thtL thirteen surfacぐ  

markersareslユmarizedinTable2bycompilingtbe  
restllts of the six surveys．The distriblユtions of the  
horizontalflowveIocitiesareshowninFig，2．Accord－  
ing to the periods between the surveyS，bothof the  
flow speeds and the velocities are classified to the 
annualonesorthesummerones，Allthespeedswere  
COnVertedsimplyto meterper yearfor comparison，  
though the summer flow speeds were evaluated for  
Onlyseveralmonths．  
As all the markers were fixed to supraglacial 

debris，Verticaldispiacementsofthemarkersconsist－  
edof汰reecompollentS，宙emeltingoficeⅥndertbe  
debris，tile emergenCe Veiocity dl把tO COmpreSSi喝  
flow，andthedownwarddisplacementbytheglacier  
movement according to the surface slope．In this  
Subsection，Onlyhorizontalflowvelocitiesareprese  
edmainlybecauseaccurateestimationofthemelting  
underthedebrisateachofthemarkersi＄Verydiffi・  
Cult．The verticaldisplacement ofglacier surfaceis  
discussedinthelatersubsectionintermsoftheaver－   

agerateofsurfacerisingorlowering．  
Theflowspeedsontheupperpartwereabout6m  

a10nannualaverageandabout9ma－1insummer，  
th；ltis，about o71e andh；llftimes oftheannualaver＿  
age・Ontbeotberぬand，arOund払ecenter（L2～L5）on  
thelower part．about コ km d（川11Streal11from the  
upperpart，theflowspeedswereonlyabout2ma州10n  
annualaverageandalittlefasterthanthatinsummer．  
Thelowerpartintheablationareahasbeensupposed  
to be a stagnantice area（Shiraiwa and Yamada，  
1991），buttheresultindicatesthattheiceflow＄eVen  
there．Itisreasonable，intheablationarea，thatflow  
Speeddecreasesasgoingdownstream，i．e．，COmpreSS・  
ingflo耽   

It呈s o食en ol）Seryed払at fl（〉V Speed decreases  
fromtheeenteLrt（一“rardthelateralnlarginbeeauseof  
t壬Ie dragof汰eiateralwail（Nye，1965；Raymond，  
1971）．Thisfeatureisseenonthelowerpart（Fig．2a），  
but not found on theupper part（Fig．2b）probably  
becausenomarkerwasinstalledatsitessufficiently  
nearthelateralmarginontheupperpart．  

TheannualvelocitiesatLl，L6andthesummer  
OneSatMl，M2，L6，Whicharelocatednearthelateral  
margins，have transversalcomponents toward the  

Table2．Horizonね三重owspeed（ma－1）ontbeablationareaof也e王ノirungGlacier－Periodsint〉raCkets   
indicatet】1e王neaSuredperiod．Their主itiaicharacterofamarker’snameindicate＄tbere王ativeloca震on   
in洩eablationarea（U：琉eupper，㍍：the王niddle，L＝払eiowerpart）・Tbe】at‡ero摘enameisnumもered   
三aterallyfromtberig如banktotbeie食intbeupperandt壬Ie三owerpa豆S，Orlollgitl】dnaiiydownstream   
inthemiddlepart．Markersarestakesonsupraglacialdebrisintheupperandthemiddleparts，and  
boltsonthedebrisrocksinthelowerpart．  

a．Theupperpart  
Summerspeed  

Marker   Annualspeed     【4Sep．1994－160ct．1996〕  ［21Jul．1994－4Sep，1994］  Ul  6．0 5．7  9．7  U2   9．0  U3   8．8  U4   9．2   
b．Tbemiddlepart  
Marker  S11mmerSpeed   
Ml   2．8［21Jtli．1994…4Sep．1994】   
M2   6．3［19Jlm．1996－170ct．1996】   
M3   7．5［31May．1996－200ct，1996j   
C．Thelowerpart  

Annualspeed  Summerspeed  
Marker        【7Dec．1989．200ct．1996］［18Jun．1995¶11Jun，1996】   【11Jun，1996－200ct．1996］   
Ll  0．8  
L2  2．0   2．1   
L3   1．8  1，9   
u   1．7  2．0   
L5   2．1  2．2  2．5   
Lt‡   1．0  2▲0  
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Fig．2．Distributionoftheannuai（a）andthestlmmer（b）horizontalsurfaceflow   
Velocitiesontheablationarea ofthe LirungGlacier．Area ofthefigures are   
ShowninFig，1byadashedframe．Twothicklinesshowtheridgesoflateral   
moraines．PlussymboIsonthemorainesindicatethebench marksusedin the   
＄urVeySrelatedtoeach幻owmeastlremenL  

Center（Fig．2）．Normalvalleyglaciersflowtransver－  
Sallytowardthelateralmargininthe ablationarea  
（e．g．Raymond，1971），aS tranSVerSalprofiles of the  
Surfacesareconvexupward（Hooke，1998）．Theobseト  
Ved transversaldirection offlowis possibly affected  
bythelocaltopographyasthedebris－COVeredsurface  
on the ablation area of the Lirung Glacier is not 
SmOOth but very rugged and complicated．Figure3  
Showsatransversalsurfaceprofileonthelowerpart．  
Theslopeistransversally toward the center at the  
twomarkers．LlandL6．flowiTlgtranSVerSall）▼tOWard  
tbecenter．  

3．2．7セ〝ゆβ和才〝αγぬ才わ邦ぶげノわ細密eeゐ  
The summer flow speed was faster than the  

annualaverageatanymarkerasshownin Tal滋e2  
andFig．2．Itsuggeststbeseasonalvariationinfiov  
Speed，Whichishighinsummerandlowinwinter．Itis  
consideredastheeffectofmeltwaterto enhancethe  
basalslidinginsummer（IkenandBindschadler，1986）．  

TwoannualflowspeedswereobtainedatL5for  
differentperiodsasshowninTable2c．butnosigllifi－  
CantCbangewasfound．‡twouldbedi魚cult，bowever，   

500  
匹i由tbmk）  

400  300  200  100   
TransversaldlStanCe（tll）  

0  

仕．曲b狐k）  

Fig．3．TransマerSalsudaceprofiieon也eloverpartintぬe  
ablatio王1area（）fぬe Lirung Glacier，SurVeyed onll   
June，1996．Tran＄VerSaldistance and relative altitude  
onthe coordinates are from the bench mark on the  
ridge oftheleftbanklateralmoraine．CrosssymboIs   
indicatethemarkers（Ll～6）usedinthisstudyforflow   
measurement．St㌍pS】opeso11tSide王。1arldL6areside  
wailsoftbelateralmoraines．   
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to have a firmCOnClusion about theinter－annual  
variationofflowspeed，aSnOdataareavailableatthe  
o也ersite乳  

3．ユ農政陥ぬ侶ダぬ＝兢触偲  
Horizontalsurface flow speed consists of two  

COmpOnentS，theplasticdeformationofglaciericeand  
thebasalsliding．Assumingalaminarflow，theplastic  
de払mationofglacierice，乙ら，isgivenby   

払＝蓋転血α顆乃＋l  （1）  

げaterson，1994），WhereHisicethickness，αisslope  
Ofglaciersurface，Pisdensityofglaciericeandgis  
thegravitationalacceleration．ThenAand乃arethe  
factorsiIltheflowlaw ofiee．ofwhich the formeris  
mainlydependentonicetemperatureandthelatteris  
takena＄aCOnStant，3．Becauseicetemperatureina  
glacierhashardlyseasonalvariationexceptinrela・  
tivelythinsurfacelayer，thECanberegardedapproxi－  
matelyasconstant血ringawboleyeaL   

Ifdividing a year for convenieIleeinto two sea・  
sons，Summerandwinter，andneglectingbasalsliding  
h也ewhter，   

払＝払＝ 
，   

（2）  

whereL㌔l，L：ちand抗arethesurfaceflowspeedsinthe  
winter seasonal．the summerseasonala11d the annual  
averages，reSpeCtively．Aんand△左aretheperiodsof  
one year（365days）and ofthe summer（122days），  
respectively．Inthis calculation，the summer was  
definedasfourmonthsfromJurletOSeptember，When  
discharge from the Lirung Glacier was signifieantly  
greaterthanthatinthewinter好ukushimaeiai．，1987  
；Sakaietal．，1997）．Thesummerflowspeed乳th，Were  
assumedasequaltothoseshowninTable2，though  
theperiodsfortheevaluationsaredifferentfromthe  
sunmer definedin thiscalculation．  

Usingequationsu）and（2），icethickness．H，COtlld  
becalculatedatthemarkerswherebothofthesum－  
mer andtheannualflowspeedswereobtained．The  
valueofpwastakenas900kgm．3．Surfaceslopes，α，  
weremeasuredfromamapoftheablationareaofthe  
LinlngGiacier compiledby Aokiand As；流i（1998）．  
The valuesof A were adopted from Paterson t1994）．  
The results are shownin Table3for differentice  
temperaturesbetweenOto p50C．Icetemperaturein  
theablationareaoftheLirungGlacierisconsidered  
toberoughlyinthisrangefromthepreviousstudi  
concer11iIlgicetemperaturesofotherglaciersinNepal  
Himala）・aS（（．g．MaeL7（a［．，1975こTanaka（）［（I［．．198O   

Table3．Estimationoficethickness，H，intheabIationareaof  
theLirungGlacier．Icetemperatllre，7Lwasassumedasa  
eonstantvaluetht－Oughoutt上IeWholepartsintheablation  
area、The factor jllthe flowlaw（1ficビ．A，WaStaken from   
Paterson（1994）ねrrespectiveicetemperature，andsuげace   
Slope，α，WaS meaSuredfromthe map（Aokiand Asahi，   
1998）．  

〟tm）  
Calculatedvalue  Marker  

0  －2  －5  αぐ）  
ra喝e  

ミs－1貯a‾3ラ6．8Xl針15 2．4Xi㌻1Sl．＄×1¢‾ほ   
Ul  7（ト110   75   97  108  7．0   
U4  110－170   114  148  163  3．9   
L2   40－70   45   58   65  1（l．7   
L3   30－50   33   43   48  15．4   
L4   50－80   54   70   78  7．8   
L5   30－50   31   41   45  17．5   
L6   20－30   22   28   31  1乳3   

；OzawaandYamada，1989）．Thecalculationoftheice  
thicknessresultedinaboutlOOmormorethanthatin  
theupperpartandabout5Ominthelowerpartforthe  
LirungGiacier．  
This estimation，however，is very rough，Since  

Othereffectsrelatedwithglacierflowasfollowswere  
not considered．The shape factor，Which takes the  
effectofthedragfromthelateralwallsina valley  
glaciersintoaccoLlllt．Shouldbeitltheparentheseson  
払e rigbt term of equation（1）（Paterso王l，1994）．  
Introducingtheshapefactor，Whichisapositivevalue  
less than one，icethickness would be calculated as  
greaterthanthevaluesinTable3．Thelongitudinal  
stressgradientwasalsoneglectedinthecalculation．‡f  
takingitintoaccount．ieethiぐknesswouldbeobtained  
aslessthanthoseinTable3particulariyintheupper  
part near theicefall，because strong compression  
＄houldoccurthere．Theseeffects，however，WerenOt  
takeninto considerationin the present estimation  
because oflimitedinformation．  

ユIJ．良証傲血石＝オふ明血、ぐん1汀t、JカJg  
Thecontinuityequationinaglacieris   

普十普二押，  （3）  

whereQisfltlX，Siscrossrsectionalarea，Ⅳiswidth  
ofglaeiersurfaceandbismassbalance．Jistimeand  
Xisiongitudinaldistance positive downstream．  
Assumingparaboliccross－SeCtionalshapes，  

Ⅳ＝ゑ打川，  

5＝階，   
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Thosecomponentsforcalculationofequation（7）are  
ShownirlTable4，Wherethethreetermsinequation  
（7）are eacb described as one value for tbe area，  
becausetheyaretreatedjustastheaveragesonthe  
ar・ea．Theresultshowsthatabouthalfoftheablation  
i＄COmpenSatedbytheemergencevclocity，andconse－  
quently，thesurfaceisloweredwitharateofalittle  
lessthan20cma叩10naVerageintheablationareaof  
tbeLir11ngGlacier．  
For tbelower part vbicbis sboⅥrnin Fig．3，  

Yamada et al．（1992）described from comparison of  
thetwotransversalsurfaceprofilessurveyedin1987  
and1989that the surface did not show remarkable  
Change；SOme partS Were Slightlylowered and the  
Otbersro父．On血eotberband，Åsahi（1998）indicated  
forthesamepartfromcomparisonofthetwoprofiles  
in1989and1996thatthesurfaceloweringofaboutl  
ma－1wasrecognized．Theresultinthisstudycannot  
besimplycomparedwiththepreviotlSOneS，because  
tbepreviousstudieswerelimitedo111y ontbe王ower  
transversalline and didnothandle the effectsofthe  
flow and the veryrugged topography．The present  
result，however，muStbenotedtoshownothingmore  
thanaroughestimationbasedonseveralassumptions．  
FormoredetailedstudiesonthevariatiorlSOfsurface  
PrOfile．a tlumericコIsinlulation would be t’equiredin  
future．  
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り ‥ 三′′‖′′・  （6）  

wbere．好istbeicetbicknessattransversalce！1ter，姦is  
afactordepende王ItOnlyonlocationnotontime，andγ  
isaratiooftheflowspeedaveragedincross－SeCtion，  
th，tOthataveragedonthetranSVerSalsurfaceline，  
乙み．Assuming a uniformwidth of glacier surface  
（∂W／ax＝0），Which seems to be adequate for the  
ablation area of払e工一irung Glacier，払e condnuity  
equation（3）turnsouttobe  

‡意（痛打）＋読‡ゑ昔（椚）＝み   

∴晋＝占一号意（痛勘   （7）  

By怯e vay，払e value ofγis considered to be  
nearlyequaltotheratiooftheflowspeedaveragedin  
thedepth，thf，tOthesurfacevelocity，U，atthetran・  
SVerSalcenter．Thus，uSlrlg thelaminar flow theory  
andequation（2），theratioisgivenby  

堅±遠  
方十2  こら＋乙ら  γ＝寒  乙も  

（8）  
（乃＋2）乙ち   払十乙ら  

Where Ubisthebasalsliding．  
Byapplyingequation（7）withequation（8）tothearea  
betweentheupperandthelowerparts，Whichcovers  
almosttbev壬10leablationarea，tberateofice払icken－  
ing，aH／∂t，Whichmeanstherateofsurfacerising，  
Canbeestimatedonthe averageinthe area．Inthis  
Calculation，maSS balance，b，WaS adopted forthe  
average on the ablation area，35cm a～l，from an  
estimationwith a hydrogicalmodelof the Lirung  
GlacierbyRana（1997）．Thentbeicetbicknessatthe  
transversalcenter，H，WaStakenasllOmand50mon  
theupperandthelowerparts，reSpeCtively，thoughthe  
Values are rough1y estimated by thelaminar flow  
approximation which，Strictly speaking，COntradicts  
the definitionin this calctllation．Thelast termirl  
equation（7）means払eef短ctofcompressi‡1g幻0VtO  
the surface rising，thatis，the emergence velocity．  

Table孔Therateofsurfacerising，∂H／∂t，andtheothercomponentsforthecalculaN  
tion for the ablation area of the Linlng Glacier．The ratio of the flow speed  
averagedincross－SeCtionto洩etransvαSallyav訂ageStlrface恥wspeed，乙ら，is  
represelltedbyr．‡cethickness，ぎ，isとreatedastbatattbetransversaicenter．Tもe   
ef如ofcompressing蔦珊tOtbesurfacerising，一そ意（売方めmeans洩e   
emer・genCeVelocity．Massbalance，b，WaStakenfromRana（19g7）．  

γ   －さ万  〃  …そ意（元方ガ）ゐ  ・  

Site  （ma‾1）（m）   （ma王） （ma‾1）（ma‾1）   
tbeupperpart  0，86   5．9   110   
tbelowerpart  0．83  1▲6   50  0．18  …0．35  －0，17  
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