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Abstract  

IntheNepaIHimaiayastherearemanyglacial呈akesofthelkmorderscaleonthesurfaceofdebris叫COVered  
giaciers．TsboRoipaGlacialLakeineasternNepalwasonceasmalipondprobabiyi王l蝕eearly1958s，andnow  
hasbecometheiargestglaciallake重ntheNepalHimaiayas．Itissignificanttoclarifytheheatsourceforthe  
expansionprocessofaglaciallake．However，thepresentthermalregimeoftheglaciallakeisstillunknown．  
Hence，theheatbalanceofthelakewasexaminedfromthemeteoroiogicalandhydrologicaldatain1993to1996．  
TherestlitshowstheincreasingheatstorageperiodofthelakewasconcentratedinMayi．e．，betweentheendof  
theice－COVered period and thestart of theglacier melt season．Durir喝the monsoon season the heatlossby  
dischargel、’aSlarge．andtheheatstc・rageOftllelake亡Ontinuetodet：l●eaSビunti10etober．Ⅰ）uringtlleice－COVe・red  
periodfromNovembertoendofApril，therearenoheatinputtothelakesurfaceandnoheatlosswithdischarge．  
Ontheotherhand，thebottomicecontinuestomeltthroughayearbytheheatstorageinthelake．  

1．lntroductjon  

Therearemanyglaciallakeswhichwereglacierwdam－  
medormoraine－darnmedinIceland，Norway，Alaska，Peru，  
NewZe；lland．亡hinaandseveralothercountriestThorarins－  
SOIl，、1939，1957；Pos七andMayo，1971；Liestol，1956；Llibotltry，  
19丁7；Lliboutr）・（：t L7L19T7a，197Tb：Kirkbride．19耶；Chen tll  
α乙，1999）、Sucb glaciallakes sometimes prodllCed tbe so  
－Called GlacialLake Outburst Flood（GLOF）due tothe  
moraine collapse．GLOFs of moraine仙dammedlakes ac－  
COmpa王1iedⅥ7itbhl喝emudfloⅥrbavecausedseriousdamage．   

In the Himalayaslarge valley g重aciers severalkiio－  
metersinlengthhavemostl）・dt－brislごOVeredablatiollareaS．  
and occlユpymOre thanhalfofthe glacialized areas（Mor・  
ibayashi，1974）．Debris剛COVeredglaciersadvancedduringthe  
LittleIce Age between tbe16也andl9tb centurie＄．At  
presentsomedebrisMCOVeredglaciersareretreatinginassoA  
Ciation with thehorizontalexpansion of the glacialiakes  
Wbichemergeddl汀ingrecentdecades．SomedebrisCOVered  
glaciershavesupraglaciallakes on the termini，Which are  
SurrOundedanddammedbythemoraineformedduringthe  
LittleIceAge．Lakewater overtoppユng a mOraine carries  
Suだicient energy to break easily thro喝b a moraine…damY  
Theovertoppingoflakewateriscausedbyalargewave，  
Wbicbisgeneratedt〉yt壬1ebⅥgemaSSねiihgdownintotbe  
lake，SuChasasnoworglacieravalanchefromasteepslope  
besidethelakeandalsotheadvancing，Slidingandcalvingof  
themotIlerglacierintotbelake．Eart壬Iqlはkesshotlldalsobe  
COnSidered as an externaltrigger contributing to a王ake  
－burst，GLOFshaveocこurredaもieast13timessincetbe1960s  
intheArunandStlnriverbasins；theyarethemostserious  
naturaldisasters forthe development of water resources  
（LIGG／WECS／NEA，1988）．  

Kirkbride（1993）indicatedtbattberetreatingactivityof  
ag王acierteminuschangesfrommeltingtocaivingandtbaも   

thecha喝eaCeeleratestheexpansionofagiacialiake．Heat  
balancestudyataglacia11akeissignificanもtodarifythe  
heat source of glacier ice melt which corresponds to the 
expanSionofaglacia11ake．Therefore，thepurpose ofthis  
paperis to examine the pre紀nt tbermalre詳me Of Tsho  
Rolpa，theまargestglaciai王akeintheNepa＝服malaya．   

2．Backgroundo†TshoR01paGlacialLake  

Inorder・tOeStimatethethermalconditions ofthelake  
expansionatpre紀nt，meteOrOlogicaiandhydrologicaloもser－  
Vationswerecarriedoutin1993←1996inTshoRolpaLake  
く27051′N，86029′E〉，RoIwa蔓ingVal王ey，eaStern NepalくFig．1；  
modified Schneider’s topographic map（Schneider，1981））．  
Thedrainageareaincludingthelakesurfaceis77．6km2with  
the71．8％giacialcoverage；55．3％and16．5％areocclユpiedl）y  
a debris仙free and a debris－COVeredglacier（Trambau Gla→  
Cier），reSpeCtively（Yamada，1996）．Thelakesurfaceareaand  
thevolumewerel．39km2and76．6miilionmきin1994，reSpeC｝  
tively（Kadota，1994）．  

ThehorizontalexpansionhistoryofTshoRolpaGlacial  
Lake has been ana11’Zビd fr川11the data of aeriこ11photos、  
topographic maps and sateliiteimages（Earth Resources  
TechnologySateliite［MultispectraiScarmerSystem；MSS3，  
MOS l［MuitispectralEiectronic SelトScanning  
Radiorneter］andLANDSAT［MSS］）（Mool，1995）．In1958  
thesurfaceareawasO．23km2accordingtothetopographic  
SlユrV野by払eStlrVeyOfInd主a．Å＄uming偽attbegroⅥ7琉rate  
isconsta吼thelakeappearedprobablyasapondintheearly  
1950＄．  

Chikiねβgβg．（1997，1999）haveanalyzedtbedynamicsin  
thelakeandconcludedthatthesurfacewaterflowcausedby  
thevalleywindenhancesicecalvingatthetermimlSOfthe  
glacier．Sakaig£β乙（2000）estimatedtbeexpansionrateof  
TshoRolpaGiacialiakebytheheatbaiancemethod．From   
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Surface water temperature of thelake（7も）was also  
measuredeveryhour atsite LS using a thermistor sensor  
fixed at a water depth of about5cm from8June to9  
November1991duri11g thelake surface water opening．  
WaterlevelandtemI滑ratureattheoutletwereobservedat  
one㈹hourintervalsatsiteLO．Thewaterlevelisconverted  
to the amount of discharge by uslng the stage－discharge  
curve（r＝0．99），Whichwasobtainedbydischargemeasure・  
mentsin variolユS Waterlevels at site LO．Allmeasured  
meteoroIogiealand hydrologicaldata with accuraeies are  
presentedinTablelwithaveragedors11mmeddata▲  

Verticalwatertemperaturedistributionswereobtained  
usingawatertemperaturedepthsensoratsiteLVnearthe  
deepestpoirlt8timesfrom1993to1995．Otherverticalwater  
temperature distributions were also observed at several  
points alonglongitudinalcross section of thelake．ThcL  
accuracyofdepthis士0．5mandthatoftemperatureisi：  
0．05℃．  

4．Obsorvation results   

4．ヱ．御地gの将ぬ那好漁ぞ由姦g  
Seasonalfluctuation＄inwatertemperaturewereobser－  

vedatsiteLV（Fig．2）．Thewatertemperaturefluctuatedin  
thesurfacelayeroflessthan50mindepth（Yamada，1998）．  
Belowthisdepth，thetemperatureremainsalmostconstant  
atabollt2．7℃．inspiteofthem；lXimumdensityofpurewater  
atarotind4℃．Thisisbecausethesuspendedsedimentcon－  
centration（SSC）ofTshoRolpaisextremelyhigh（morethan  
lOOmgl．1atthesurface，mOrethan300mglTlatthebottom）・  
The bulk densityis fully controlled bythe amount of  
suspendedparticleswhicharemainlytransportedintothe  
iakel）ytbecolda王ュdbigblytu沌iden－glacialvaterくYamada，  
1998）．Thelakewaterretainsverystablestratificationsince  
theSSCincreasesalmostlinearlywithdepththroughoutthe  
year（Yamada，1998），  

ThelakebegantobecoveredwithiceonlONovember  
1994byvisualobservation．Thesurfaceicewasabotlt5cm  
inthicknesson22April1995andt：OVeredwithsnow，andthe  
lakeicehadcompletelymeltedon7Mayin1995（personal  
communicationwithKadota，T．andFujita，K．）．Therefore，it  

Fig．1．t）rainagebasinofTshoRoIpaG】aciこIILake．Ro）waling  
ValleyanditslocationinNepal．  

thatcalculationthepresentexpansionrate ofthisglacial  
lakeis214×108mき汀岬1，Whicb correspo11ds to3％ofits  
presentvolume（76．6millionm3）．   

3．Observation mせthods  

Figure2showstheobservationsitesonthebathymetric  
mapmadein1994byKadota（1994）．Tbemaximl∬ndep仇is  
131m at site LD．The meteoroIogicalelements were rneal  
suredatsiteLMontheislet2．1mabovegroundathourly  
intervalsfromlJune1994to31May1995．  

LS  LV  

LI）  LA  
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Trlmb且u  
Gl▲亡ier  

Stream  
LO；W乱t¢rt¢Ⅶ匹柑ttl柁me鑓S≠Ⅳm和tp（血t  
LA；A蝕油川旧聞和郎虚卵油  
LP：【kp沌prn糊tme”ummモーI門int  
LM：M亡ttOmlogi亡■＝沌日加川  
LS；凱ー蝕亡せ馳m匹柑ttlreme鑓＄仏陀m七ntpOht  
I」ⅥⅤ¢鵬i∞1w如ertompe相加ーモmO郎u代m仙tpOint  
LD；M魚裏mⅦmdeptbpoi山  

1km  

Fig．コ．Locationofobserヽlationsitesonthebathl・nlビtriL：n－aPOfTshoRoIpaLこIkelNumeriral  
ヽ▼alu（，Sindit：atCWater depthin mcters．   
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Tablel・MeteorologicalandhydrologicaldatafromlJune1994to31   
May1995andinstrumenterrors．Averageortotalvaluewascalcuq  
jatedinc‡udingtheinterpolateddata．  

Wa＄aSSumedthattheicemeitedouton30April．Thus，the  
icecoverperiodwasfromlONovemberto30April．   

射L墟忽耶顔面が胡感触あ埴痴戒α槻徹如  
Atimeseriesofdailymeteorologicaldataareshowtlin  

ぎ短．3（a）and（b）fromJune1994toMay1995．Averagedata  
Oftheobservedmeteorologicalelementsaresummarizedin  
Tablel．IntheNepalHimalaya，therainymonsoonseason  
beginsusuallyinJuneandfinishesiTISeptember．Inthel●ainy  
SeaSOn199ヰ，thesoiarradiationwasrelativelylow（about235  
W m．：in averagelandthehumidity averaged95㌔．  
Surfacewatertemperatureofthelake（7；）atsite LS  

andwatertemperatureoftheoutflow（7も）at＄iteLOthrough  
theoutletweremeasuredeveryhour；theseasonalvariation  
int‡ledailymeanvaluesissbowninFig．3（c）（Yamada，199払  
Theextrapolated data ofwater temperature at the outlet  
（7も）in199い＼，ereeStinlatedfromthesurfacewatertempera－  
ture7；，and了ミin1995wasinverselyestimatedfrom7もas  
shownbyathinda＄hedlineandathickda＄hedline，reSpeC・  
tivelyinFig．3（c），Since㌫vasaiwaysはrgertbanmeasured  
荒，Vbiく：hwasrougblyequaltoく了；鵬0．5）in℃．Dataofbo払  
TLand7t werenot obtained fromlto7June199l，but the  

Eiements   Average（）rtOtai  Error   
Airtemperature   」．1℃   0．1℃   
う好ir亀dspeed   2．4msec≠ま   2％   
Precipitation   435mmyr几1   0．5mm   
Relativehumidity   68％   3％   
Solarradiation   219Wm‾2   2Wm－2   
SlユrfacewaterteInperatt汀e  
（mrま喝OpenWaterperiod）   5．3℃   0．4℃   

Ⅶ‘atertemperatureatoutiet  3，5℃   0．4℃   
1好aterlevel  3cm   
Discba曙efromtbeoutkt  10．6×107mByr‾1  0．1mきsec柵1   

valueswere；1SSu111ed tobethesこImeaSthedata on8June．  
Waterleveldata for discharge ca王culation were not  

Obtainedfrom5Septemberto15November1994．r）ischarge  
duringtheperiodofnowaterleveldatawa＄eStimatedbythe  
assumptionthatthewaterleveldecreaseslinearlyovertime  
inthisperiod（－1．3cmdayl‾、l）．Theseasonalvariationindaily  
disehargeisshowninFig．3td）．wheretheestimateddatais  
indicatedbyadashedline．Thedischargeincreasedremark－  
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Fig．3、TemporalvariationsindailyaveragedatafromlJune1994to31May1995（a）wind   
Speed，耶，andprecipitation，P；（b）relativehumidity，Rh，andsolarradiationIJ；（c）air  
temperature，7こ，WatertemperatureS，7；atthelakestlrfaceand7Lattheoutlet．Dashed   
liれ銭indicate estim汲もed values anく重くd）water discbaf嘗e at tbe outlet．Ådaぬedline   
indicatesirlterpOiatedvalues．   
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ablyinearlyJune1994andreacheditspeakinearlyJuly  
1994；thereafteritdecreasedgraduallylユntileariyNovember．  
Orltbeotberband，主n1995tbediscbargeincreasedinearly  
May．Tbebeginni‡唱Oftbegiaciermeltseasonvariesたom  
yeartoyear，  

5－ Heat balance ofthelake  

こ亨．J．励∫∫＝、寸描J晶〃  
Thechangeinheatstorageofalake，dS／di，COnSistsof  

thenetheatinputatthewatersurface，Qs，theheatreleased  
by water discharge atthe outlet，Q。，the heatinput by  
meltwaterin封owintolake，払and払elatentheatoffusion，  
Q斯，foricemeitonorbelow払ebottom（Fig．4〉．Tbe壬Ieat  
balanceequationisasfo1lows．   

意＝払＋払十払＋軋  （1）  

Heatinputtothelakeistakentobeplus，andheatoutgoing  
fromthelakeistakentobeminu乳  

こ；．エじ了／n′血／わJJ（て／と肋、ん／（リー〃  
う．ユノ．〔ん川gr P／んY7／∫／（研粁／JJ／／汀山れ（搭ノ詔  
The change ofstoredheatin thelake，dS／di，during the  
timesiltOi2（i2＞il）isdefined：   

＝S2－Sヱ・  く2）  

Themeltingpointofice（273．14K）istakerlaSthereference  
for heat content，and hence water at the melting pointis  
regardedhereascontainingnoheat．Theaveragehorizontal  
differenceofverticalwatertemperaturedistributionobser・  
Vedatseveralpointsalongthelongitudinalcrosssectionat  
the same time was only O．2℃．Then，Si（i＝1，2）is heat  
StOrage at the time ti．Siis estimated by the following  
equation，aSSuming that water temperattlre at a Certain  
depthis也esameovertbelake：  

、、十l・ゾ・・丁、ト  ・∴・  

Wherec＝Specificheatofwater［＝4．2×103JK－1kgTl］，  
p＝Densityofwater［＝1000kgm‾3］，  
zi＝Totaldepth（m）atthetime ti，  

77（z）＝Watertemperature（K）at3mindepthatthe  
timeね  

7忘＝Temperatureoficemeltingpoint（＝273．14E）  
a11d  

云（z）＝Areaofborizontalcrosssection（mZ）atzmin  
depth．   

Using the verticaltemperature profiles at site LV，heat  
StOrageinthelakein various sea＄OnS WaS Calculated as  
Shownin Fig．5．Althoughthe observationfrequency was  
limited，theheatstoragetendedtoincreasebetweenFebru－  
aryandMayin1994．Despitetherelativelyhighairtempera－  
tureduringthesummermonsoonseason，theheatstorage  
decreasedwitbtimein1993andalso1994．  
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Fig．5．Fluctuation ofheat storage fromユ993to1995．Solid  
Circle：Calculatedfromobserved watertemperature distri－  
bution．Cross：eStimatedfortheend ofice－COVeredperiod  
（on30April，the same datein1994as the observationin  
1995）by assuming the constant decreasing rate of heat  
StOrage during theicercovered period and the sameheat  
StOrageatthebothends．  

5．之之肋≠わゆ視ちQぶ  
（糎J卜〃ナ‘7′汀♪tlタブり‘7一  

丁he王IeatQざCOmi重唱intotheiakedtlri‡lg汰eobservation  
period（t）canbecalcuiatedbythefollowingheatbalanee  
eqlユationatthelakesurface：  

f   ¢き＝∑（J＋斤＋ガ十E＋P），  
WhereZ＝Netshortwaveradiation，  

（4）   

Fig．4．Scbem汲tkimageof払ebeatbaianceelement＄attbeglacia11ake－△5：Cムangeoftbe   
わeat＄tOrage；Qざ：ムeatinputtotbe王akesurねce；払：releasedheatwitbdiscbarge；a：beat   
inputwitbmeltwater；貌：beatlo張forcal扇喝羞cemeltand主ceIneltattbet〉OttOm（）卓也e   
lake．  
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ガ＝NetlongⅥ7aVeradiatioll，  
ガ＝Sensible壬Ieatfiux，  
g＝＝⊥atentbeatflux，and  
P＝‡‡eatirlputWithprecipitation，   

Ail翫ⅩeSarepOSitiveastbeydirecttowardstbelakesur－  
face．  

Thenetshortwaveradiationinputtothelakesurfaceis  
Calcuiatedby：   

∫＝（1一α）才さ  （5）  

Tberelationshipbetweenone」冗氾raVeragedalbedo（めand  
SOlara王titlユde（ゐ）（indegree），ObtainedbySakaiggガ£（2糾明  
mayt〉eeXpreSSedasfollows：  

α＝0．78ゐ刷5，  （6）   

ThealbedodprrビaSeS＼＼▼ithinereasillgSし）1araltitt】deasshol＼，n  
bythepowerfunction．  

Netlongwave radiationinput to thelake surfaceis  
expressedas：  

g＝Latentheatforevaporationfromwatersurねce  
［＝2．45×186Jkg－ユ］，  

qa＝Specifichl皿idityofairoverthelake（kgkg－1）  
alld  

釣＝Speci嘉cbumid毎attbe王akesuぬce（kgkg－り．   

where q, is for convenience assumed lo be the saturated 
SpeCifichumidityatlakesurfacetemperature7；observedat  
SiteLS（Fig．2）．  

Heatinput vitb precipitat主oildlユring tile Open叩Water  
period，P，isexpressedasfollowsassumingthatthetempera－  
tureoftherainwaterisequaitotheairtemperature，  

f ダニ∑cp（㌫wコ㌦）γき  （12）  

Where r＝amOuntOfprecipitation（mm）．  
Pwasreまativeiysma王l（averageO．41好m｝2duringopenvater  
peri（〉d），Since払eprecipitationamountwasoniy366mmand  
airtemperaturewaslow（about3．3℃）duringtheopenwater  
period．Thus，theheatinputwithprecipitationcanbeneg・  
lectedinthisheatbalance calculation．  

ThビealcuIated seEIS（mal＼▼ariこItions ofI．凡 H and E  
d11ring払eopenwaterperiodareailshowninFig．6（a）．Itis  
Clearthat theheatbalance at thelake surfaceis mainly  
COntrOiied by sl10rtWaVe radiationiIISpite ofmany ra主ny  
daysduringtbemonsoonseasonたommidwJunetotbeendof  
September．Variationsoflatentandsensibleheatfluxesare  
COntrOlledbythed主fferenceof7Land7も，Sincewindspeed  
WaSalmostcon＄tamt（F呈g．3a）and王10tSOStrOng（Tabiel）ali  
throtlgh the year．Therefore，those heat fiux were nearly  
equalto zero fromJune to the end of August，and then  
becamenegativebecauseof7も≡㌫intheformerperiodand  
て㍍＜二㍍in也eiatterperiod（Figキ3c），Tbelongwaverad主ation  
WaSnegativethroughouttheobservedperiod．  
TheseasonalvariationofQscalcuiatedbyEquation（4）  

isshowninFig．6（b）withthatofO。Whichwi11bediscussed  
latell・Thean－OuntOf O∫isofroughlythesaIlleOrdelL；lS伍  
inthemonsoonseason．ThelargevariationofQscomesfrom  
thelargevariationofsolarradiation．Thepositivevalueof  
仏iscⅢ1tinuousintllemO11SOOnS（さこISOnfrいnlmidJune，the  
beginningof血eol）SerVationperiod，tOearlyOctober．Tbere－  
after Osdecreasesquickly，COrreSpOndingtothedecreasing  
temperatureandsolarradiationasseeninFig．3（a）and（b）．   

－ゐ打猫膠吻り知壷か   
Incoming heat to theiake water，Qs，d11ring theice  

COVered period canbe negligib王e（Patterson and Hamblin，  
1988）becatiSet壬IelakeⅥraterisi王ISu王atedbyiceandsれOW  
layers．Therefore O8isassumedtobezero duringtheice  
COVeredperiod．Itwasassumedthataliincomingheattothe  
ice surface was used to meltice during theice meitirlg  
SeaSOn，because払elakesurfacewascoveredw地snovjust  
beforeopenwateron22April（accordingtopersonaユcommu－  
nicationwithKadota，T．），andthesolarradiationcouldnot  
penetratethelakewater．   

j・ユ、了・Jれ～／J坤′′／わ・〃れイ／椚J／汀′Jt／7州，．¢－   
Thewatertemperatureofinflowlngmeltwater∴㍍is  

probablyO℃，SinceitissuppiiedfromasubaqueotlSttimel  
mout壬Itbro喝he‡lwgiacia王ttlnneis（Yamada，1995）．Hence¢g  
＝CP尋ど（㌫－㍍）ニ0，Wherecisspeci缶cheatofwater（＝4．2×  
103JKMlkg叫1），Piswaterdensity（＝1000kgm‾3），andqtis  
me王twaterirlfiow（m3s‾王）．   

斤＝〃‘lけ7’ミ，  椚 
Wbereガ↓＝DoⅥrnWardlo喝WaVeradiation（Ⅵrm【2），  

♂＝Stefan－Boltzmannco王1Stant［ニ5．67×10‾＄Wm≠2  
K▼■いIlld  

7t＝Watertemperatureoftheiakesurface（K）．  
DaiIymeanvaluesof也edownⅥrardlongⅥraVeradiatio‡l忍1  
areevこ山Iatedb）・thefollowingequ；1tioIIS（lくondo（f（tI‥1991）：   

捏硝トト為〕c］，   （8）   

〔丁＝n．P3βし0．30βコ十1．コ5ヱト（＝11． βユい．0323  即  

ニ0，  β≧0．0323  
Witb β…∫↓／ぷ，  
、、座re 7L＝AirtビnlPeLrature［K］．  

払ニGloba＝ongvaveradiationonclearday，  
71＝Globalsolarradiationand  
fさ＝Globalsolarradiationonclearday．   

TheinfluenceofcloudforR↓isevaluatedbytheempirical  
equation derived onthebasis oftheratio ofglobalshort”  
WaVeradiationobservedtothattheoreticallycalculatedon  
Cleardays．  
Sensibleandlatentheatfluxeswerecalculatedbythe  

follow■ingbuik aerodynamic払rmulaspresentedbyKondo  
（1975）也atareapp王iedtotbewideⅥraterSt汀ねceinneutral  
equilil）riuIllair（TOIlditions．Thebu】kheattransfeTCOeffieiellt  
forthewidewatersurfaceishere adoptedbecause ofthe  
largefetchof也e王ake（是3km）．  

〃＝（・♪恥r〟（丁（rっ－㌫）．  （1い）  

∬＝わ。Cg打（恥軸恥），  （11）  

Vbere（：夕＝Speci蔦cbeatatconstantvolume〔＝1006Jkg‾ま  
Kl】．  

p。＝Airdensity［ニ0．7542kgm【3at4000ma．s．1．〕，  
C〟＝BulksellSibiebeattransfercoe托cient［＝1．80×  

1い▼3］．  
Cぎ＝Bulklatentbeattrans鎚rcoe托cient［＝1，84×  

10…3］，  
ぴニ1野i†ldveiocityat2mheig餌（ms】i），  
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Fig．6．Temporalvariationsin（a）calculatedsensibleheat，H；1atentheat，E；netShortwave   
radiation，7；andnetiongwaveradiation，R；and（b）cakulatedheatinputto the】ake  
surねce，島；a王18re王easedbeatwitbd主s（：barge，払  

－Sedimビntr＼l・atermediumbelowthebottom．Themeltrateof  
thebottomicewasthusCOnSideredtobeconstant，aSSuming  
nobottomsedimentation，becausethewatertemperatureat  
洩elakebottomwasalmostconstant也roughouttheyear．  
Therefore，tOtaiheatioss forice meltduring thesummer  
WaSinducedtobe25Wmサ2byaddingtheheatforcalvingice  
meitく131野m叫2）tbatwasobseⅣed・Conseqlユent王y， 
WmJA2duringtheice－COVerCdperiodand25Wm蜘2duringthe  
OpenWaterperiodincludingtheheatforcalvingicemelt．   

ゑヱ7竃g㌢礪g感桝gl〆勉ゐ娩g  
Montblyaveragesof也ebeatba王aIICee王emeIl短inayear  

are shownin Fig．7．The meteoroIogicaland h）’droIogieal  
dataofJanuarytoMay1995andJunetoDecember1994are  
used．It was assumed that theincoming heat tothelake  
＼＼Tater Ⅵ，aS ZerO durillg theLice covered period fr（一mlO  
Novemberto30Aprii．ThechangeinheatstorageisestiL  
matedasTeSidualbyEq．（1）frommonthiydatabeeausethere  
arenomonthlydataonwatertemperaturedistribution．   
InthebeginningofMayjustafterthedisappearanceof  

lakeice，thelakemaystarttoabsorbheat．Theheatsource  
warming thelalくtlWaterllpis mainlr solar radi；ltion，The  
Otherheatbalancetermsatthe王akesurfacemaybenegligiT  
blysmallbecausetbeyareprot〉at〉ユycomparableto払osein  
thesummerseasonasshowninFig．6（a）．Heatstorageinthe  
lakethusincreasesatahighrateonlyfromMaytoearly  
June．Thistlle・rmaleonditiotlt：ビaSPSWhellglaeier－icemelt－  
ingbegまnsinthe drainagebas主n．1Ⅳben tbe activeglacier  
meltingseasonoccursaftermidJune，alargewatermass  
＼＼・i†h the temperature at tllビmeltingpoint（O℃）comesinto  
thelake．Meanwhile，alargewarmedwatermassdrainsout  
throughthe outlet and releases heat from thelake．Both  
洩esethermalconditionscool也elakewater，andbeatstor一   

5．ヱ」．凡てJノ／汀ム▼‘びt、f∫，血Ⅲ（－呵軌w．¢．，  
Heatreleasedfromtheoutflowthroughtheoutlet（Q。）  

issimplycalculatedbythefollowingequation：  
≠  

払ニ∑ぐβ（了忘－㍍）か，  （13）  

whereD＝l）isehargeamount（tn3sec．1）ofoutfl（1Wand  
T，＝Watertet11Peraturt！Ofoutflow（K）．  

Fig．6（b）showsthefluctuationoftheheat，Q。．Theheat  
】ossbydiscllargeOfthesurfare waterincreased rapidlyin  
Junewithincreasingdisehargeattheol止Ietand汰enreached  
itspeakatthebeginningofJuiy．Thereafteritdecreased  
graduallylユntilNovember．払intbeice－COVeredseasonwas  
almost zero because discharge（average：0．2m3sec‾l）and  
watertemperature（average：2．1℃）werecomparativelylow  
duringtlleiee－eOVered period．   

さ．之さ．昂弧＝ぬい妙義詔弼成ら払  
According to our obseⅣation，a C王iだ叫Sbaped giacier  

terminusretreatsbycalving，andtheglaciericefrequently  
fallsintothelakeonlyinsummer．Calvingproducesmany  
Smallicビbergsinfrontoftheglaeiel■t打111iIltlS．Theicebビrg＄  
floatingonthelake aremostlymeitedby王akewater．As  
illustratedinFig．4，tわelakeisexpaIldedbytbe王nelti三唱Of  
the glacier terminusand the deadice beneath thelake  
bottom．Qmshouldthusbeconsumedbythetwowaysofice  
melting．Sakaig才α£（2000）evaluatedtIieheatlossbyt‡1eice  
meit，Om，aSareSidualvaluefromEq．（1）．Dur主ngtheice  
－COVeredperiod，theheatiossatthelakebottomcorresponds  
tothecbal鳩einstoragebeatofabol止121野m‾2byasst王ming  
thattheheatinputtothelakesurface，Qs，andreleasedheat  
Withoutflow，Q。，arebothzero．Thebottomiceofthelake  
WaS COnStilntl）▼ melted by heat conduLltionitlthe debris  
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Fig．7．Seasonalfluctuation of heat balance at the glaciallake．Month1y average heat   
elementsestimatedfromthedataofJune1994toMaylg95areplotted．（Q8：heatinputto   
払elakesⅥrfacぢ払：reiea＄edlleatWitbdiscぬrge；払：late‡1theat払rcalvi重唱icemeltand   
icemeltatthebottomoftheiake；and△S：Changeofheatstorageinthelake）．Heatinflow   
withmeltwater，払isassumedtobezeroallthroughtheyearbecausethewatertempera－   
tureofthemeltwaterinflowfTOmtheglaciermustbeO℃andhere，themeitingpointof   
ice（0℃）i＄takenasthereferenceforheatcontent．ASiscalculatedasaresidualvalue  
一丁し）nlEq．（1l．  

Thereareseveralreasonsfortheabovedifferenceofthe  
Changein heat storage estimated by residual＼－altLe and  
Observビdsho≠，ninFig．8．Oneisthatthesurfaeetemperattlre  
isassumedtobealwaysO．5℃higherthanthatattheoutlet．  
ThewatertemperatureattheoutletinMay1995was4．5℃，  
According t（1theこIbove assulnPtion．surface temperature  
Shouidbe5℃，Whichism11Chhigherthanthemeltingpointof  
ice．ThesurfacewatertemperatureatthebeginnlngOfMay，  
Whencovered柵icejustmeltout，ShouldbenearlyO℃andthe  
heatinputto the water surface should belargerthan the  
residtlalvalue，Anotherreasonisthattherearelargeerrors  
intheheatelements，QsandO。．Errorsoftheheatelements  
払and¢。are士15Ⅵrm‾ヱ（15％）arld±101野m－2（10％），  
respectively．Moreover，aibedoandslエだacetemperatt汀efor  
Wbichdatawereoもtainedatonepoint（LAandLSinFig．2）  
Shouldbeinhomogeneousovertheentirelakesurface．These  
difference＄ShouldindtlCetheheatinputtolakesurface，Qs，  
to a（1ditionalerrors．  

Moreover，the glaciallakeis surrounded by high  
Himalayan mountains，SOlongwave radiation reflecting  
fromtheexposedrockfaceofthemountainscouldleadtoan  
underestimation of也e resu王t，忍，Calculated by e王npirical  
（Eqs．（7）and（8））．ThiswouldmaketheactualvalueofQs（Eq．  
（4））tobehigherthanestimated．  

ageinthelakedecreases．Thissituationstartsinmid－June  
a［ld eontinues to the end ofOt：tOber．  

Thelake startst（1r・e】ease heat from the surfaee at the  
endofO（加ber，buttheheatreleasingperiodc（）ntinuesonly  
about20days．Theheatstorageinthelakeisisolatedbythe  
ice andsnoⅥrlayer dlユringtbeice－COVered period arldtbe  
lakewatermaintainsatemperaturehigherthanthemeiting  
pointoficeandtheicemeltingcontinuesatthebottomofthe  
lake．   
Inordertoexaminethepropertyoftheaboveseasonal  

釣uct11ationofeacbbeatelements，仇ecbangesinbeatstor－  
agecalculated asthe residualvalues shownin Fig．7are  
comparedwiththoseoftheobservedvalues．Crossmarksin  
Fig．5showtheheatstoragevalue（一f6．5＼1Ol－Jon3OApril  
estimated by assuming that the decreasi噸rate Of heLat  
StOrageduringtheiceMCOVeredperiodiscon＄tantuntilthe  
icemelトOutOn30Apri11994．Andtheheatstorage on30  
April1995isassumedtobeequaltothat（一nニiO April199j．  

Fig．8showstheseasonalfluctuations ofheatstorage  
Changewhicharecaiculatedfromheatstorage＄howninFig．  
5andtheestimatedvaluebytheresidualvalueinFig．7．The  
change in heat storage calculated by the absenred water 
temperatureisiargerthanthatofthe residualvalue from  
MaytoNovemberespeciallyinMay．  
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Fig．8．Changesofheatstoragecalculatedfromheatstoragein   
Fig．5（血ckline）andcalculatedasresidualvaluefromEq．   
11）血－＼l－11i11Fiゞ．丁（ttlirltiIle）fl■い111Jmlビ1や9j t〔）lI町1郎持．   
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The horizontaldifferenceinwatcr temperatureinthe  
longitudinaldirectionofthelakeisatmostO．6℃．Therefore，  
theheatstorageerrorofthelakeis±2×1014J，Whichcorrer  
spondsto22％of払eaveragebeatstorage（9×1814J）．There－  
fore，払ebeatstoragefrom払eobservedwatertemperature  
at LV（Fig．2）caまculated by assuming the verticalwater  
ternperatureatacertaindepthisthcsameovertheentire  
lakeisinerror．  

6．Con亡Iudingremarks  

TheheatbalanceallthroughoneyearintheTshoRolpa  
GlacialLake was estimated with the hydrologicaland  
meteorologicaldat乱Thethermalreglme Of thelakeis  
characterized by heat absorption during the short period  
fr…111こItLt Aprilt（一111idLJ1111e．i．e．．from the elld oflheiee  
†COVeredperiodtothebeginningoftheglacier－meltseason・  
DuringtheglaciermeltseasonfromJulytoOctober，theheat  
storageinthelakehasadecreasingtendencybecausethe  
abundantglaciermeltwaterissuppliedintotheglaciallake，  
and thewarmedwater overflowed fromthe outlet．During  
theice－COVeredperiodfromNovembertoApril，tilet〉OttOm  
icecontinuedtomeltunderlakewater（about3℃），Whichis  
insulatedbyicefromcoldair（about鵬10℃）．   
Infuturetherelationbetweentheglacia11akeexpansion  

andthechangeinthethermalregimeofthelakeshouldbe  
analyzedto clarifytbe process ofglaciallake expansion・  
ダur払ermore，itisnecessarytostudytbeprocessesofbottom  
melting and glacier terminalcalving（i・e・，theinteraction  
betweenlake－Waterandglacierice）．Specifically，theinvesti－  
gation oftheglacierterminus andlake－bottom condition，  
suchasthesedimentationprocess，isnecessary．   
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