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Abstract  

AeonceptualnlnOffmodelis used tosimu】ate thedail〉，rtlnOff from67？云glacierizedbasin of  
LirungKhola．Toestimatethemeltfromthedebris－COVeredareasoftheglacier，aSimplecalctlla－  
tionrequiringglobalradiation，airtemperature andalbedo ofdebriswfreeiceand criticalthermal  
re＄istanceisintroducedinthemodel．Thesensitivityofthealbedoandthethicknessofthedebris  
MCOVerareteSted；thecalculationswiththealbedoofO．1andO．2resultedinsimilardailydischarge．  
UndertheassumptionofthedebristhicknessO．5－1m，Simulatedresultsagreedfairlywellwiththe  
Observeddischarge．  

1．lntrodu亡tion  

InNepa】．jtisveryimportanttoknowtheproces－  
SeSOfglaciericemeltandtoevaluatethemforrunoff  
modeling，aSmainriversourcesareglaciers．Previous  
glacioMhydrologicalresearcheswerecarriedoutinthe  
LangtangreglOn，incentralNepalbyYamada  
（1984），Fukushima et al．（1987），Yamada and  
Motoyama（1988），Fukushima etal．（1991）arldBraun  
etal，（1993），andtheytriedtoexplainquantitatively  
thedischargefromthedrainagebasin，  

Hydrometeorologicalobservationswereconduct－  
ed女）rafuliyearfromJuly1985toJlユne1986ねー払ree  
diffeLrent drainage basins．namely．Langtatlg．Linmg  
and Khimstlng Khola watershed of Langtang Va11e）▼  
as shownin Fig．1．The seaso11alヽ▼ariationin dis・  
Charge from glacier－COVered watersheds seems to  
depend mainly on the variation in air temperature 
rather than the distribution of precipitation．The  
tendencyoftheseasonalvariationofdischargeinboth  
Lirung Khola and Khimsung Khola watershed is 
almostthesameasthatinLangtangKholawatershed．  
ThedischargerateinLirungKholawatershed，how・  
ever，WaSabouttwiceofbothLangtangandKhimsung  
Kholal＼TaterShedforalmosta）Tear（Fukusllima‘イ（7／‥  
1987）．   
Oneofthemostcommoncharacteristicsofgla－  

CiersintheNepalHimalayaisthepresenceofdebris  
attbesurfaceintheablationzone．Forexa‡nple，in  
theIくhumbu tlimal，eaStern Nepal．37glaciers are  
debris－COVeredwbiie89giaciersaredebris－free，for  
glaciers with totalarea above O．1km2（Fq3iiand  
Higuchi，1977）．Althoughthenumberofdebrisqcov－  
eredglaciersislessthanofdebrisLfreeglaciers，the  
averageareaofthedebris－COVeredglaciersisfifteen  
timeslarger than that of debrisLfree glaciers（Ftdii  
andHiguchi，1977）．lntheLangtangVa11ey，14gla－  
Ciers are debris州COVered while 58 are debrisJfree  
（ShiraiwaandYamada1991）．  

The debrisJfree glaciers have developedin the  
altitudinalra11gebet＼＼・etm5，060m（（errninusaltitude）  
and5．9OOm（LIPperaltitude）withana＼′erageareaOfO．  
7km2eacb・Ontbeotberba‡ld，debris－COVeredgla－  
Ciershavedevelopedfrom4，625mto6，545m，Whicbis  
morethandoubleofthealtituderangefordebrisイree  
glaciers．Theareaofindividualglacierisabout6．7  
km2asanaverage，mOrethanninetimeslargerthan  
the debris－free glaciers．The totaldebris←COVered  
part occupies21％of the totalglacier areain the  
LangtangValley；StlChdebris－｛OVeredpartslocateat  
thelowest portion of glaciers where theintensive  
g王aciermeitingisexpected．Con記quently，forproper  
prediction of rtlnOff from debris－COVered giacier  
basins，itisimportantto evaluatetheieemeltfrom   
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daysduringthisperiod（Fukushimaetal．，1987）．The  
discbarge（mm／day）isdiscbarge（ctimeCS〉dividedl）y  
areaofthebasin．Thewinterprecipitationaccounts  
Onlyabout20％oftheyearlytotal．Theyearlymean  
temperatureatBHwas2．7CC．  
ThetotalbasinareaofLangtang（Sl）is333km2  

0fwhich6％istheglacierareawithdebris，and6．6  
km2forXbimslユng（S3）drainagebasin，Wboseglaciers  
aredebris－free（Fukushimaetalリ1987）．Inthepres－  
entpaper，WeanalyzetheLirungdrainagebasin（S2）．  
Thetotalbasinareais13．8km20fwhich51％isdebris  
血free，16％debrisMCOVeredglacierandtherest33％is  
steeprockywal王s．Fromtbemapsptlb王ishedbythe  
Austria11AlpiIleClubl：5州OO（1軋1）．distribtltionsof  
thebasinarea，theglacierareaofdebris－freeandof  
debrisA｛OVeredwerederivedat200maltitudinalspan  
forthepresentmodelcalculationasshowninFig．2．  
Lirung Glacieris heavily debris州COVered atlower  
elevaモions．Tbe average debris tbickness at tbe  
active terminus，arOund4，400m a息l，Oftbe glacier  
wasapproximatelyO．5m（Fujita，privatecommunica・  
tion）．This valueis comparablewith the average  
debris thickness at the aetive terminus of Khumbu  
Glacier（Nakawo ggαg．，1993）．The albedo of tbe  
det）rissurfacevariedたom軋1to（〉．3vitbameanvalue  
OfO．1（Kojima（t（Z／．，tlnPublishcd）．  

thedebrispcoveredportionsofglaciersforestimating  
riverdi鑑barges．Tbemai王10bjectiveofthepresent  
paper is to simuiate such runoff behavior using a 
hydrologlCalmodelwhichincludestheeffectofdd）ris  
－COVerOnglaciermelting．   

2．Studied basins  

Studiedbasinsarelocatedinthe LangtangVal－  
1ey，apprOXimately60kmnorthofKathrnandu，Nepal．  
Figurelshows the three different drainage basins  
withhydrologicalobservationsites（Sl，S2，and S3）  
and a meteorologicalobservations site（BH）at an  
altitudeof3，928m a．s．1．Tbe climate oftbe Nepal  
Himalayasis considerablyinfluenced by the王ndian  
monsoon．InLangtangValley，theonsetofthemon・  
soonwasatendofJunein1985andcontinueduntil  
mid－October．ThedryseasonwasfromOctoberto  
next Ma〉・．ThetotalprecipitatioTlfro］llJulytoSep－  
temberwas543．6m恥44％oftbeyearlyprecipitation  
（Takahashiet al．，1987）．The discharge rate main－  
tainsfloodstageandfluctuatedatintervalsofseveral  
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Fig．2．Altitud呈naldistribution of the Lirung drainage  
basinandtheglacierareasincludedat200mintervals   
（theareaofdebris－freeglacieris51％，debriscovered  
glacier16％andtherockywali33％ofthetotalbas圭n）．   

Fig．l．Topographicalmap of the Langtang Va11ey．  
Thick solid lines indicate the boundaries of the Lan- 
gtangKholawatershed（observationsiteatSl），Lirung  
Kholawatershed（observationsiteatS2）andKhimsung  
KboiaⅥraterSbed（S3）．BH：BaseIiot三光for汀）eteOrOlog－   
icaまobservati8nS．  
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For simplicity，the evaporation was neglected，  
becauseitisveryhumidinsummermonsoon，Whichis  
tbemajormeltingseason．   

ユご1砧山口〃7川（九ソ■（7〔ムやJおん叩・J′  

To estimate the ablation of glacier ice under a 
debrisla〉でr，こISitllplified modelafter Nakawo and  
Takabasbi（1982）was used．Tぬe required dataねr  
theestimationaregiobalradiation，airtemperature，  
albedoofthedebris〉■・LCOVeredanddebrisqfreeglacier，  
criticalthermalresistanceofthedebriscoverandthe  
degreeLdayfactoroffusionatadebris－freesurface．  

Theaveragethermalconductivityofdebrismate－  
riais，Km was taken as2Wm‾2deg¶l（Nakawo and  
You‡1g，1981）tocaiculatetbetbermalresistallCe，Rof  
tbeくまebris王ayer；R＝b／Km，Wbere bis也e debris  
thickness．Thedegree－dayfactorK。，WaSCaiculated  
using equation（1）．The thermalresistanee of the  
debrisla）7er WaS eSti！11ated assunlillg alluIlifon11  
debris thickness of O．5m as describedin section2．  
To calculate the criticalthermalresistance，thesur・  
facealbedoofthedebris－COVeredglacierwasassumed  
tobe O，1（Nakawo and Young，1982）and for debris  
Mfreeice，Which was assumed to be O．4（Paterson，  
199姐 ThecriticalthermalresistanceRc，WaSCalcu・  
1ated ft－om eLquation（2）．Thisis the thermalresis・  
taれCe at Wbich tbe ablation rate under debris and  
debris－freeiceissame．Thefo1lowingset ofequa－  
tions（Nakawo and Takabas払1982）verellSed to  
Caictliatetbeabiationunderdebrislayer，SM：  

3．The modet and d8ta uSやd  

J．J．n甘小雨舟1JJ〔川d 研一、／J．／わ’（Jぐわ虫1．か（・gん打Jげ  
ざ打承ごg  

TheHYCYMODE工．wa＄introducedinthepresent  
analyses．Thismodelisakindofconceptualrunoff  
modeisdeveiopedforasma重Iforestedmotlntaincatc壬1－  
111日lt by Fukushima（198軋 Thismodelwasused to  
simt11atethestreamflowwithdailyprecipitationand  
dailymeanairtemperaturedatafor45％glacierized  
Langtang drainage basinin the NepalHimalaya  
（Fukushima et al．，1991）．The observedstreamflow  
wassimulatedcomparativelywellfromJulytonext  
Aprii，butnotsowe王i育omMaytoJune．  

The tendency that precipitation increases with 
theincreaseofaltitlユdeisuslほiiyreco郡Iizedingiacier  
areasin也e NepalHimalaya（Hi那Chigfα乙，1982）．  
InIノangtang Vall野，血e precipitation at5000min  
altitllde wasl．3timesIarger thこInこIt jOOO m（Seko．  
1987）．Fromthisobservation，theprecipitationwas  
assumedasafunctionofaltitudeasfollows，Sincewe  
haveprecipitationdataatBHonly．   

Pz＝PBH  Z＜4000m  
Pz＝P8日‡1＋0．0003（z】舶00））   4008m≦z≦5000m  
Pz＝1．3PB賃  Z＞5000m   

Wberら  
Pz：preCipitationataltitudezmeters（mm）  
P8H：preCipitationob＄erVedatB王i，iocatedat3，920m  

fJ．5．J．（nlm）  
Thedrainagebasinwasdistributedintoユ6alti－  

tudezonesof200minterval．Rainfallandsnowand  
ice－melt was calculated at each zone．The critical  
air temperature between snowfalland rainfa11was  
estimatedas2．OCC（Ageta eiaiり1980）．Atempera－  
turegradientforthealtitudewastakenas－0．60C／  
100m（Takahashig≠αgリ1987）．  

For calculatiT唱SnOW arldice－meit from debris  
－free areas，therelation whichwas empirically der－  
ived払r Glacier AX OlO，eaSt NepalくAgeta ggα乙，  
19桝），WaS11Sed：   

SM。＝O  T蛋－3．O  
SM。＝仇1（3．0＋T）3・2  T＞－3．O  

Where，  
SM。：daiiysnowandice川meit缶・Omdebris一打eeareas  

（Il1111）  

T ：daiiymeanairもemperatt汀eぐC）  

£．ボ封あ   
ア  （1）  

（2）  

（3）  

（4）   

（5）  

晶＝  

凡、＝  G（偽岬α）  
十  ／＼■，り （バ】（ざ．一！  j弘【（晶  

C_ C。＋C（偽－α  
C。【G＋G（馳叫α）  

l十（；＊  ∬＊＝   
1＋G＊ガ＊  

諾－＝去＝意ニ∬＊  
SM ：ablationrate11nderdebrislayer，mSeC‾1  
SM。：abiationrateofdebris一たeeまce，mSeC‾i  
C ：CO‡lductionbeat魚ux払roughdebrislayer，  

Ⅵrm‾2  
C。：heat used for meltingice per unit time for  

debris｝reeice，Wm‾2  
K ：degreedayfactorfordebris欄COVeredice，  

■Wm－2degwI  
K。：degreedayねctorfordebr圭swなeeice，  

Wm‾2deg‾1   
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agreed we11with observations（Fig．3）．In Lirung  
basin．howe＼・er，fhecalculationprpdiぐtSapprOXimate－  
1y two timeslarger vaiues than the observation＄．  
This could be attributed tothe fact thatthe debris  
areaismuchlar酢andthemeltingunderdebrislayer  
Shouldbesuppressedbythedebrislayer．   
‡nFig．4，areStlltcalculatedincaseofnomelt  

from debris－－COVered areain Lirung basin，aS a  
extremecase，is shownwith the former calculation  
and the observed discharge．Comparing withthe  
Observeddischarge，thecalculateddischargeincaseof  
r10meltindebris¶COVered areais under－eStimated，  
Wbiietheformercaicuiationinassumptionofdebris  
00free sl汀faceis over－eStimation．As 洩e ablation  
area of LirungGlacieriscoveredwith thick debris  
layer，ice melting under the debrislayer should be  
COnSidered for the discharge calculation．Braun et  
al，（1993）alsointroducedareductionfactorofO．50f  
g王aciermeltoverdebris－COVeredpartsofgiaciersand  
COnC王udedtbattbedebris－COVeredpartsareverysen－  
Sitivewithrespecttomodeleddailydischarge．  

Theablationrateunderadebrislayerisafunc－  
tion of externalvariablesincluding radiation and  
temperature，aSWe11asphysicalcharacteristicsofthe  
layersuc壬IaS払ickness，albedoa‡1dtbermalconductiv一  

Kr ：4げ（273）3，4．615Wm‾2k‾1  
R ：thermalresistanceofdebrisla〉Ter．m2degW．1  
R。：Criticaltbermalres主或anceofdebriscover，  

m2deg■Ⅵ「1  
R＊ ：R／R。  
G ：globalradiation，Wm．2  
α ：albedoofdebris岬COVeredgiacier  
ob ：albedo ofdebrisLfreeglacier  
G＊ ：G（飴－ぽ）／G  
Lf ：1atentheatoffusion，3．34×105JKg‾1  
p ：densityofglacierice，900kgmNV3  
T ：airtemperature，OC  
OnceG＊andR＊arekr10Vn，tbeablation11ndera  

debrislayer，SM can be easily estimated by using  
equation（5）．   

4．R¢5日ts and discussions  

RunofffromthreewatershedsinLangtang＼Talley  
WaS（：alct11ated with an assumption that the whole  
glacier surfaceis debrisTfree．Khimsung Khoia  
WaterShed，COmprlSlng OfKhimsung Glacieris com・  
pletely debris－free，and Langtang Khola watershed  
hasdebris－COVered area which howeveriscompara－  
tiヽ7ely small．The calculatiollfor the two basins  
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Fig．3．Comparison of the daily observed discharge to  
simulated runOff forI．angtang（Sl），Lirung（S2）and  
Khimsung（S3）drainagebasinsusingHYCYMODEL．  

Fig，4・Comparisonofdailyobserveddischargetosimulat・   
ed runoff of Lirung drainage basin using  
HYCYMODEL．   
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ity．The debris thickness has been meastlred by  
Fujita，（privatecommuni（：ation）tobe（l．5matrather  
upstream．We calculate t主Ie melt from tbe debris  
－COVered area，hence，aSSuming the average debris  
thickness ofeither O．5m orlm．Figure5shows a  
COmparisonofthedailyrunOfffordebristhicknessof  
O．5m andlmwhentbealbedo ofthedebrisrcovered  
glacier to be O．1．It shows that thビdailyrunOffi11－  
CludingicemeltunderO．5mthickdebrisislargerthan  
therunoffwithlmthickdebrisbyabout20％．Itis  
reasonable，Sincetheablationratesdecreasewithan  
increase in debris cover thickness after the effective 
meltingrate（Fujii，1977；NakawoandYoung，1981；  
九Iattsolll－／d／‥l錮3）．  
TherunofffromLirungbasinwithdebrisalbedo  

Of O．2was comparedin Fig．5with that of O．1to  
examinetheeffectofalbedo．Asseeninthisfigure，  
thecalculateddischargedidnotchangesignificantly  
withthechangeofalbedofromO．1toO．2，SuggeSting  
tbatice meltisr10tSenSitiveto albedo．  

Figure5indicated that the average melt calcu－  
1atedfor debristhicknessbetweenO．5－1mwouldbe  
rough1yappropriateforLirungGlacier，althoughthe  
Simulatedresultsaresti11underestimatedduringthe  
mid－Julyperiod．Meanob父rVeddiscbargeandcai－  

Culateddischargevaluesfordebris払icknessofO．5m  
azldlrnこInd albedo ofdebrissurfaeet）．1a11dO．コarIe  
S‡10ⅥⅥinTableユ．T壬1eCalculatedmea王IrunOffdonot  
deviatefromthe observedmeanrunoff±17％inall  
thecases．However，thedistributionsofthesurface  
debristhicknesshastobeobtainedbyfieldobserva－  
tionsoverLirungGlacier．Thestlrfacetemperature  
distributio王1Witbarlenergybala王ICeStudyof払edebris  
肌COVeredglacierareawouldhelp to understand and  
estimate thedistributionofthe thermaleffect ofthe  
debris and to calculate theice melt underit．  

でabIel．Meanobserveda王1dcalcⅥiatedrunoだ（mm／day）for  
Liru喝basinduringAu卯SとarldSeがember，1985くd：debris  
－tbick王1eSS，m；a二albe血ofdebris）．  

Meanrunoff（mm／day）   
Augustl13，1985     September1330，1985   

Observedrunoff   15．0  100％  9．4  100％   
Caまculatedrunofffordebris1血ickne∬，d（m）   
a  d＝0．5m，aニ0，1  16．5  110％  10．6  113％   
b  d＝0．5m，aニニ0．2  16．1  107％  10．1  107％   
C  d＝1m，a＝0．1  12．7  85％  8，3  88％   
d  d＝1m，a＝0．2  12．5  83％  8．0  85％   

5．Concludingremarks  

Byintroducingtheeffectofdebris－COVerOnSnOW  
andice王Ⅵeltprocesses，tberlユnOffestimationhasbeeri  
improvedcomparedtotheformercaiclllationswhich  
eitherneglecttheicemeltfromdebris－COVeredzones  
OraSSumeSthedrainagebasintobedebris－free．For  
Lirung Glacier，the calculation of discharge agreed  
wellwiththeobservedvaluewiththedebristhickness  
ofO．5－1m．Thedebris－alもedowasfoundlesssensi－  
tive to the runoff calculation．However，a further  
Studyisrequired，takingintoaccountthedistribution  
Ofdebrischaracteristics，forbetterevaluation ofice  
meltfromdebris zone．  
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