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Abstract  

Heatfluxwithrainhasnotbeentakenintoaccountinestimatingmeltamountsofdebris－COVered  
ice，althoughtherewasalotofrainduringthemeltingseasonintheNepalHimalayas．Someofthe  
rainfallingonthedebris－COVeredglacierwillevaporate，andtherestwillpercolatethroughthedebris  
layerandwillsupplyheattomelttheicebeneathit．Evaporationamountsduringameltingseason  
from15Julyto29Augustin1996weremeasuredusingalysimeteronadebris・COVeredareaofLirung  
Glacier，NepalHimalayas．Observationalresultsindicatedthat25％ofthetotalrainfallevaporated  
atthatdebrisTCOVeredglacier．Theheatfluxwithpercolatedwaterhasnoeffectontheheatneeded  
tomelticeunderthedebris，althoughpercolatedwateraccountsforasmuchas75％ofthetotalrain  
amount．  

1．1ntroduction  

GlaciersintheNepalHimalayasarecategorized  
bytheirsurfaceconditionsintodebris－freeanddebris－  
COVered glaciers（Moribayashiand Higuchi，1977）．  
Large valleyglaciers severalkilometersinlength  
usually have a debris－COVered ablation area，and  
OCCupymOrethanhalfoftheglacializedareasinthe  
Himalayas（FujiiandHiguchi，1977）．  

The melt rate of debris－COVeredice has been  
Studiedbymanyresearchers（i．e．¢strem，1959；Fujii，  
1977；Mattsonetal．，1993；Khan，1989）．Estimatingthe  
melt amount of such ice has been done by using 
thermalresistance（Nakawo and Takahashi，1982；  
Nakawo and Young，1981；1982）；Rana et al．（1997）  
appliedtheabovemethodtoestimatemeltamountthe  
debris－COVeredglacierintheNepalHimalaya．Inthe  
previousstudies，however，nOallowancewasmadefor  
evaporationatthesurfaceofthedebris，eVenthough  
thereis heavy rainfallduring the summer melting  
SeaSOnintheNepalHimalayas．  

Heat balance at the debris・COVeredglacier sur－  
facehasbeencalculatedfrommeteorologicaldataby  
Mattson and Gardner（1989）．They estimatedlatent  
heattomeltthedebrisTCOVerediceusingthesurface  
temperatureandhumidity，buttheydidnotmeasure  
the actualevaporation rate at a debrisTCOVered gla－  
Cier．Moreover，theyassumedthatwaterpercolating  
throughthedebrislayermadenocontributiontothe  
heat for meltingice coveredwith debris．Actually，  
rainplaystworolesinmeltingsuchice．Oneislatent  

heatforevaporation．Evaporationamountsshouldbe  
large，Whenithasrainedandthesurfacehasremained  
Wet．LatentheatfluxaccompanylngeVapOrationwill  
decreasethemeltingoficeunderthedebrislayerby  
taking away heat from the debris surface，Whereas  
heat flux accompanying percolated water will  
increase the melt amount．  
Theotherisheatfluxwithpercolation．Somerain  

wi11percolate down to the debrislayer．The daily  
averagesurfacetemperatureofdebrisreached20℃  
duringthemonsoonseason（Fujitaetal．，1997）．There－  
fore，perCOlatedwaterwouldbewarmedbythedebris  
layerandwouldcarrytheheatfromthedebrissurface  
downward to promoteice melting．Since there have  
beennoobservationsofeitherevaporationorpercola－  
tion amounts at a debris・COVeredglacier，those two  
factorsareevaluatedinthispaper．Moreover，eVapO－  
rationandpercolationatanon－glacierareawerealso  
Observedin the same way as at the debris－COVered  
area，inordertocompareevaporationandpercolation  
Withthoseonthedebris－COVeredglacier．   

2．Location and observations  

Observations were carried out on the Lirung  
Glacier，WhichislocatednearKyangjinKharkainthe  
LangtangValleyintheNepalHimalayas60kmnorth  
OfKathmandu，thecapitalcityofNepal．TheLirung  
Glacieris covered with debrisin the ablation area．  
FigurelshowsaschematicmapoftheLirungBasin．  
Averagedebristhicknesswasabout90cm，Whichwas   
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Fig．L SchematjcmapofNepalandtheLirungG】acjer．  

observedattheedge oftheicecliff．  
Two meteorologlCaistations were established，  

one on the Lirung Glacier and another at the base  
house（Fig．1）fromMaytoOctober1996，includingthe  
monsoonseason．Surfaceconditionsatthebasehouse  
consistedofsoilandgrasses．AltitudesofthemeteoroT  
loglCalstationsontheLirungGlacierandatthebase  
housewere4190ma．s．1．（Fujitaetal．，1997）．and3880m  
a．s．1．（Fujitaetal．，1998）respectively．Airtemperature，  
humidity，Wind speed，grOund surface temperature，  
downwardsolarradiation，upWardsolarradiation，net  
radiation and precipitation were measured at inter- 
vals of5minutes atboth stations．The details of the  
observationandpreliminaryresultsweredescribedby  
Fujita et al．（1997）．   

Inordertomeasuretheevaporationamount，One  
lysimeterwassetupatthebasehousefrom19Juneto  
150ctober，andtheotherattheglacierfrom19June  
to29August，1996．Figure2shows a schematic dia－  
gramofthelyslmeter，WhichwasaplasticcylinderlO  
cmindepthand16．7cmindiameter．Theedgewasset  
tobethesamelevelasthegroundsurface，aSShown  
inFig．2．Itwaspackedwithdebrisorsoiltofillgaps．  

Evaporation  Precipitation  

Debrjs   

Fjg，2．Cutaway川ustration of thelysimeter．Percolated  
WaterWhichdoesnotevaporateddescendsthroughthe  
debrislayerandflowsintoabottlefromwhichitcanbe  
measureddirectly．Precipitationamount wasobserved  
bythetipplngbucket．Evaporationamountwascalcu－  
1ated by subtracting observed percolated water from  
Observed precjpitation amount．  

Precipitation fallsinto thelysimeter，SOme Of  
Whichwillevaporatewhilesomewi11percolateinside  
thelysimeter and be collectedin a bottle．The per－   
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COlatedwaterfromthebottleisweighedatintervals  
Of5－10days．Evaporation（l佐）canbeobtainedfrom  
precipitation（l竹）and percolated water（I佐）by  
assuming that the water contentin thelysimeteris  
COnStant，aSinthefollowingequation  

仇＝l佑－I％．  （1）  

Heretheunitismms．1．W；canbemeasureddirectly  
bythelysimeteratintervalsofseveraldays．1佑can  
be obtained by tipping bucket rain gauges at each  
meteorologicalstation．Most precipitation fellas  
liquid rain，Since air temperature was above 3．O  
degrees．Therewasfoundtobeonlya20％probability  
OfoccurrencesofsolidprecipitationbyAgeta et al．  
（1980）．Precipitationdata，therefore，Obtainedbytip－  
ping bucket rain gauges was not corrected because  
liquidprecipitationdata wasnotgreatlyaffectedby  
wind．Evaporatedwater，therefore，Canbeevaluated  

fromEq．（1）．   

3．ResL‖t  

Fluctuations in the amounts of evaporation and 
rain observed at the glacier and at the base house  
WereShownin Figs．3（a）and3（b），reSpeCtively．Rain  
datawereaveragedateachmeasurementintervalof  
percolatedwater．Sincewehavealysimeterdataset  
includingmeteorologicaldata fortheperiodfrom15  
July to29August，We Willcallthat“the analyzed  
period”hereafter．  
Averagesoftherain，perCOlationandevaporation  

data at both sites during the analyzed period were  
Summarizedin Tablel．The amount of evaporation  
WaSgreaterthanthepercolatedwateramountatthe  
base house，Whereas percolated water accounted for  
morethan70％oftotalrainfallattheLirungGlacier．  
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Fig・3．Fluctuationsinevaporationandprecipitationa）：attheLirungGlacier  
andb）：at thebasehouse．   

Tablel．Observed rain，perCOlation and evaporation data from15July to29  
August．   

Rain；l佑  Percolation；14t， Evaporation；l鶴  
（×10－5mms－1） （×10「5mms1）  （×105mms～1）  

9．3  7．0  2．3  
（100％）  （75％）  （25％）  

Lirung  
Base  8．8  3．6  5．2  
house  （100％）  （41％）  （59％）   
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perlOO meters，Which was a common value（Fujita   
andSakai，2000）．However，thedifferenceinthe sur－   
facetemperaturebetweenthetwositeswasashighas   
5．5℃．Thismarkeddifferenceinsurfacetemperature   
Shouldbecausedbyiceundertheglacialdebris，Which   
cooled the debris surface．  

Thethirdfactoristhewindspeed．Fluctuationsof   
dailywindspeed atthe LirungGlacier and the base   
housewereshowninFig．4．Windspeedatthebase   
housewasalwayshigherthanatthe LirungGlacier．   
Average wind speed at the Lirung Glacier and the   
basehousewerel．1andlAms▼1，reSpeCtively．  

Table2showstheratioofdifferencebetweenair   
temperature and surface temperature at the base   
housetothatattheLirungGlacier．Theratioofwind   
Speedis also shown．The ratio of temperature（2．3）   
WaSlarger than that of wind speed（1．3）．Therefore，   
the temperature difference，in other words，the cooI   
SurfacetemperatureatLirungGlacier，WOuldbe one   
Of the main effects of the sma11er evaporation at   
LirungGlacierthanthatatthebasehouse．   

differenceofairtemperatureandsurfacetemperature  

Twofactorsmight account for the differencein  
evaporationandpercolationbetweentheglacier and  
the base house．The firstis the differencein surface  
conditions．Debris，Which contains matter of various  
Sizeslikesilt，Sand，graVel，pebblesandhugeboulders，  
was distributed on the glacier as described for a 
debris－COVeredglacieratEastNepalbyFushimietal．  
（1980）whilethebasehousesurfacewassoilcontaining  
organic substance andgrass．The soilat base house  
SOmetimes contained pebbles，but mostly seemed to  
COnSistofsandandsilt．Permeabilityofthedebrisat  
theLirungGlacierwould behigherthanthat atthe  
basehouse（TerzaghiandPeck，1967）．Therefore，the  
evaporationrateatthebasehousewouldbelarger．  

The second factor is the difference in tempera- 
ture between the air and the surface．Table2shows  
averageairtemperatureaveragesurfacetemperature  
andthedifferencebetweenthem atbothsitesduring  
thesameperiodasinTablel．Thedifferenceinair  
temperature between the two sites was onlyl．6℃  
makingthelapserateofairtemperatureaboutO．51℃  

Table2．Averageairtemperature，Surfacetemperature，  
andwindspeedatLirungGlacierandthebasehousefrom15Julyto29August．Ratiosofdifferenceofair  
temperatureandsurfacetemperatureandwindspeedattheLirungglaciertothoseatthebasehouseare  
also shown．  

Air  Surface  
temperature；  temperature；   

7も（℃）  7；（℃）  

7ニー7二  Wind speed 
（℃）  （ms、1）  

AttheLirung  
Glacier  8．8  11，8  3．0  1．1  

At the base house  lO．4  17．3  6．9  1A   

Difference in 
temperature（℃）  1．6  5．5  

Temperatureof   
lapse rate 

（℃（100m）－1）  
RatiooftheLirung  
Glacier to the base  2．3  1．3  

house  
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Fig．4．Fluctuationsofdailywindspeedatthe LirungGlacierandatthebasehouse．   
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4．Discussion  

Heatbalanceatthedebrissurfacecanbeexpres－  
sed by assuming that the temperature profile in a 
debrislayerisina steadystate andthatconduction  
heatcontributestoiceablation，aSinthefollowing．  

290ma．s．1）at4000ma．s．1．CorrectionofCHdepending  
Ontheheight oftheinstrumentswasnot considered，  
Sincetheroughnessatmeasurementsitewasrelative－  
1y high（aboutlO－20m），andinstrument height was  
probablylmeter（Air temperature：1．20m，Wind  
Speed：1．55m）．  

Latentheatcanbecalculatedfromobserveddata  
as follows．  

且＝J鵜，  （5）   

Wherel＝Latentheatforevaporationfromthewater  
Surface（＝2．50×106Jkg1）．  

Theprecipitationheattransferwithprecipitation  
Can be calculated as follows by assumlng that the  
precipitation temperature would be the same as the  
airtemperature（MattsonandGardner，1989）．  

P＝Cび勒（㌔一笑），  （6）   

Where cw＝Specificheatofwater（＝4．17×103JkgLI  
K‾1）and  

l佑＝Rainfallamount（mmsJl）．  

Theconductiveheattransferintodebrislayer，G，  
CanthenbeevaluatedbyEqs．（2）and（4）to（6）．  

Heat flux with percolated water was expressed 
as follows by assuming that the percolated water  
temperaturewouldbethesameasthedebrissurface  
temperature．  

鳥＝CぴI穐（㌫一丁），  （7）   

Where77＝Temperatureoficemeltingpoint（＝0℃）．  

The distribution of temperature in the debris 
layerwouldbelessthanthesurfacedebristempera－  
ture，inparticularduringthedaytime．Then，thewater  
temperatureflowingdowntotheicesurfacewouldbe  
less than the debris surface temperature．Therefore，  
theheatfluxwithpercolatedwaterestimatedbyEq．  
（7）wouldbeat amaximumvalue．  
CalculatedheatelementsinEqs．（2）and（3）atthe  

Lirung Glacier averaged during the analyzed period  
areshowninTables3and4，reSpeCtively．Theaver－  
ageheat formeltingice duringthis analyzedperiod  
WaS47Wm．2．Heatfluxwithpercolatedwaterwasat  
most4Wm2（4％ofthetotallatent heat for anice  
melt），althoughpercolated water accounted for75％  
Oftotalrainfall（Tablel）．Incontrast，1atentheatfor  
evaporationwas－57Wm‾2，almosthalf ofthe net  
radiationamount，Whichwasthemainheatsourcefor  
the glacierice melt．（Rain contribution to coolthe  
glacier as a heatwith evaporationwas muchlarger  
thanthatoftomeltglaciericeasaheatwithpercolat－  
edwater．）  

Actually，the observed precipitation taken by  
tippingbucket raingauges might havebeen smaller  
than the actualamount，Since tipping buckets could   

β＋」打十E＋P＋G＝0，  （2）  

Where R＝Netradiation，  
H＝Sensibleheatflux，  
E＝Latentheatflux，  
P＝Precipitationheattransferand  
G＝Conductiveheat transfer from debris  

Surface toice surface．  

Allfluxes arein Wm‾2and are positiveif directed  
towards the debris surface．  

There are two heat transfers for melting ice 
under the debrislayer．Oneis conductive heat from  
the debris surface，the otheris heat advection，  
involvedinpercolatedrainwater．Heatbalanceatthe  
icesurfaceunderthedebrislayercanbeexpressedas  
follows，  

鳥－C－〟＝0，  
（3）   

Wheref㌔＝Heatfluxwithpercolatedwaterand  
M＝LatentheatformeltinglCe．  

UnitsareinWm2．HeatelementsofEt，－G，are  
positiveifthey are directedtowards theice surface  
under the debris．Net radiation was observed at both  
meteorologicalstations．The bulk aerodynamic for－  
mulaforsensibleheatcanbeexpressedasfollows，  

〃＝（神。G′U（了ニー㌔），  （4）  

Where q，＝Specificheatcapacityofair  
（＝1000Jkg▲1K1），  

p。＝Airdensity  
（＝0．819kgm‾3at4000ma．s．1．），  

G＝Heat transfercoefficient  
（non－dimensional），  

U＝Windspeedatlmheight（msLl），  
Tz＝Airtemperatureatlmheight（℃）and  
T：＝Surfacetemperatureofdebris（℃）．  

Naruse et al．（1970）have concluded that when  
heightofairtemperatureandwindspeedwaslm，the  
SenSibleheattransferconstantonasnowsurface，β（＝  
CpP。CH），WaS4．9Jm‾3K‾1atMoshiriinJapan，located  
at290m a．s．1．This heat transferconstant wasfound  
toworkfavorablybyNakawoandYoung（1981，1982）  
aswe11asbyNakawoandTakahashi（1982）indebris  
COVerinvestigations on the Peyto Glacierin the  
Canadian Rocky Mountains．Mattson and Gardner  
（1989）also applied this constant at debris－COVered  
RakhiotGlacierinPakistan．TheCfんtherefore，COuld  
beestimatedas4．0×10‾3（whenp。WaSl．225kgm¶3at  
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Table3．Heatelementcalculationsat LirungGlacierfrom15Julyto29August．   

Net  Sensible  Latent  Precipitation Conductive  
radiation；  heat；  heat；  heattransfer；  heat；  

斤  〟  丘’  p  G  
Heat  

elements  

Wm2  111  10  －57  1  －43  

Table4，Heatelementscalculatedfrom meteorologicaldata atLirungGlacier  
from15Julyto29August．  

Heatfluxwith Conductiveheat Heatforicemelt；  
Percolation；Et，  flux；G  M（＝島G）  

Wm▲2  4  43  47  
（％）  （9）  （91）  （100）  

Thus，itis high1y complicated to estimate the  
evaporationamountsatvariousdebristhicknessesin  
adebris－COVeredglacier．   
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