
BuiletinofGlacierResear（：h15（1997）59－69  
⑥DataCenterforGlacierResearch，JapaneseSocietyofSnowarldlce  

ご汐  

Hydrodynamic effects on the basin expansion of Tsho Rolpa Giacier Lake in the Nepal 
Himalaya   

KazuhisaCH［KITAl，Torr，OmiYAMAE）A2，AkikoSAKAJ3andRamP．GH［M［RE4  
1DivisionoぞEar也aridPlanetaryScie－1CeS，GraduateScboolofScier〉Ce，HokkaidoUniversまけ，Sapporo，060Japan  
2Instit11teOfLowTemperattlreScience，Hokkaid（〉University，Sapporo，060Japan  
3InstituteforHydrospheric柵AtmosphericScierlCe＄蔓NagoyaUniver＄ity，Nagoya，46ヰーOIJapan  
4WaterarldEnergyCommissionSecretariat（WECS），Ministry（）fWaterRe＄OurCeS，Kathmandtl，Nepal  

（ReceivedMarcb21，1997；Revi紀dmanu紅riptreceivedApri王14プユ997）  

Abstract  

Inordertoclarifythephysicsofbasinexpansionofasupraglacia11ake，Weinvestigatedthe  
meteorology，hydrodynamicsandba＄intopographyinTsho RolpaGlacierLake（2r51′N，86O29rE：  
lakビItlVel．458Omabovesealevel：1ellgth．about3km：Surfacearea．1．39klllご：ma：くimumdepth，131  
m）inthepremonsoonseasonof1995．TshoRolpaLakehasbeenexpandedbyalargerecessionof  
theglacier（theTrakardingGlacier）since1950’s－Whenitwasabotltlkm‡ongaccompaniedbysix  
Closedpo11dslOOto2OOrnlo71g．Therapidlakebasinexpa11Sionaccompan）TingtheglこICierrecビSSion  
is probこIbly dtle tいanincrease ofl11eltwater discharge from the globalvvarming．Verticaland  
COntinuousmeasurementsofwatertemperatureandsuspendedsedimentconcentration（SSC）inthe  
lakerevealedthatunderthedensitystratificationmadeupbylargeSSC，thermalconditionsatthe  
bottしImareeOntrOlledbydynamiebehaviorsof＄‘了d［1ftL111t－kldE、TllLl］d（？け7（）t（一Sand t（，ilTd－dlltlttlZ（7（rr川tS．  
TheunderflowsweregeneratedoffasubaqueolユSmOuthofenglacialtunnels，WhichisIocatedatthe  
baseoftheclifトshapedglacierterminus．TheleewardtransportofradiativeheatbywindHdriven  
CurrentSisresponsibleforenl1anCi咽theicecarvirlgattheglacierterminus；areCedingspeedofthe  
termintlSWaS18cm／donこlヽでragein1993－1991．being28O timesashighastherateoflake－bottom  
Subsidencち0．064cm／datlユplakeoft‡leterminaimorairle．  

1．lntroduction  

hthe NepalHimalaya，SOme mOraine岬dammed  
S11pragiac主aliakesl蜘3kmiongexistoIltheteminiof  
debris－COVered glaciers．王n the1950’s，eaCh of the  
lakeswasscaleddowntooneorafewclosedpondsof  
theorderlOOminlengthontheglaciertermirluS．By  
Onetimethepondshavegrownintoar10penlake，Still  
expandingatpresent．Tbelakeexpansionisca11浬d  
bythe recession of the glacier，pOSSibly due to the  
recentglobaiwarming．Since1964，ithasoftenbeen  
recorded偽atsomegiacierlakebl汀StSbytbecoilapse  
Of a terminalmoraille（Yamada，1993，1996）．The  
floodcausedbythelakeburst，CalledGLOF（Glacier  
LakeOutburst Flood），hasgiven seriousdamage to  
h）Tdropower plants，peOple．houses，trails．1ivestoek．  

tLtC．in tht？downstream area．The termin；lland side  
morainespartiallyinvoIvetheglaciaiiceevenafter  
theglacierrecessiorl．Themorainesare thusunsta－  
b王eandfragileillStruCture，becausetbeyarealvaysln  
direct conta（：t With the）akビWatビr【11Oreしhan Ol、C．   

In orderto clarifythe physicsofthelakebasin  
expansion，Weinvestigated the meteorology，  
hydrodynamicsandbasintopographyofTsboRolpa  
LakeinthepremonsooTIOfMay1995LFig．1）．Tsho  
RolpaLakeappearstoexhibitthehighpotentialityof  
GLOF，because thelakeis dammed up onlyby the  
termillalmoraine partiall〉・invol＼－ing theiceこitslat－  
eralexpansionisiikelytobealmostachieved，Since  
eithersideofthelakebasinisborderedbythelateral  
morainesinvoIvil曙alittleilmOuntOffossilice．  
Acc（－rdingtoallistoryofthebasinexpansionof   
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Fig・1・LocationofTshoRolpaGlacierLakeanditsdrainagebasin．Thelakeis   
developedon the terminus ofthedebris－COVered Trakarding Glacier（Lower   
TrambauGlacier）（modifieda食erSakai，1995）．  

ing（tl．g．．JoIleS（イ〟J．，198軋  
According to the request of Water and Energy 

Commission Secretariat（WECS）∴Ministry of Water  
Resources，Nepal，T．Yamada and T．Kadota were  
dispatchedin1992…1996asJICA（JapanInternational  
CooperationAgency）GlaciologyExpert，They＄tart－  
edtoresearchinTsho Rolpa Lakein1993．Inthis  
study，thelakehydrodynamicswi11beespecial1yem－  
phasizedtoclarifytherelationshipbetweenthermal  
eo11ditions on thelake bottom and alake－CtJrrent  
SyStem．   

TshoRolpaLakefor1958－199O（Mooll：f（）l．，1993）．iI1  
1958thereexistedonelakeabotltlkmlongandsix  
pondsaboutlOOto200mlongontheglacierterminus．  
In1968，thelakeexpandedintoabiglakebymerging  
the upper ponds．During1968－72，thelake expan・  
Sion was ratherlow，butsince19740r1975鵬77，the  
lake area hasincreased especially upstream，i．e．in－  
dicatingthegreatrecessionofthe glacier terminus．  
Theincreasedglacierrecessioncouldcorrespond to  
alュincreaseofannualmeanairtemperatureovertbe  
earthsinceabout1975．represe11tingtheglobalwarnl－  
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（Å1ec Electronics，IncリmOdelMDS－T；aCCuraCy，  
士0．15OC）atdepthsofO．1mand20m，atthebottom  
at－datlmabovethebottom・Thedataloggingwas  
performed atlminintervals．In orderto examine  
interrelationsamong、二ariouslakecurrents，thespec－  
tralanalysis by the FFT（Fast Fourier Transform）  
method wascarried outfor thetime seriesof water  
temperature．  
AtsitesA，B，C，D，E，GandG’，Verticalprofiles  

Ofwatertemperatureandturbiditywereobtainedby  
lowering on a boat the Temperature Profiler（Alec  
Electronies、1nc．，mOdelABT－1：aCCuraC）・，±0．O5OC）  
and a turbidimeterofinfraredbackscatteringtype  
（AlecElectronics，IncりmOdelMTBp16K：range，0－  
2000mg／1；aCCuraCy，±40mg／1）．Theturbidity（7；）  
Values were convertedinto suspended sedimentcon－  
Centration，C（mg／l）obtainedby filtering simultane－  
OuSly sampled water．Two regressionlines，C＝  
0．38467も（0≦㌫≦529．5Ⅰ喝／i；㌢2ニ8．882〉 and C＝  
仇8706右－257．4（529．5＜7も≦2000 mg／1；γ2＝0．886）  
Were employed to the conversion．Meteorological  
COnditions（air temperature，relative humidity，air  
pressure，windvelocity，SOlarradiationandrainfa11）  
wereobserved atlhintervais atsite M onanislet．  
AtsiteR（outlet），Waterlevelwaslikewisemonitored  
withapressuregauge（accuracy，±1em）．Thewater  
dischargewasmeasuredfrequentlyonabridgewith  
an eleぐtrOmaglletic current meter．The consequent  
Stage－dischargerating curve WaSSufficiently stable  
for the duration of previous and present sttldies as  
COmpiledbyYamada（1996）．Therecedingrateofthe  
Clifトshaped glacier terminus has frequently been  
Observed since September1993by T．Yamada，T．  
Kadota andA．Sakai．  

2．StudyAreaandHethods  

Tsho RoIpa Lake（27⇔51’N．86こ29■E）islocatedat  
llOkmeast－nOrtheastofKathmanduanddeveloped  
On the termintlS Of the Trakarding Glacier（or the  
Lower Trambau Glacier）（Fig．1）．A bathymetric  
map of thelake（Fig．2）wa＄ Obtained from T．  
Kadota’splumbingin1994（Kadota．1994）．Thelake  
about3kmlongandO．5kmwidehasthesurfacearea  
Ofl．39km2andmaximtlmandmeandepthsof131m  
and55．1m，reSpeCtivelyinthedrainagearea of77．6  
kml．Thelakeisbordered by the terminalmorainビ  
atthedownlakeend，thelateralmoraine（slopeangle，  
25－80O）40榊100rnhigh on eitherside and the cliff  
－Shaped glacier terminus about25m highat the  
uplakeend（Kadota，1994，Sakai，1995）．Part ofthe  
terminalmoraineinvoIves the fossiiice（Yamada，  
1996）．Thelakebottombasiniscoveredbythegla－  
CialdebrisandrnoTefine－grainedlacustTinesediment．  
The fossil ice below the bottom sediments possibly 
increasesinvolumefromthedeepestpointtowardthe  
giacier terminus or the terminalmoraine（Fig．2）．  
Debris－free anddebris－COVeredglaciers occupy55．3  
％arld16．5％oftbedrainagearea（77．6km2），reSpeC－  
tively（Sakai，1995）．Thehighestpeakinthedrainage  
basinis ML TenjiRagiTau（69i3m asl）（Fig．1）．  
Thegeologyofthedrainagebasinconsi＄tSOfPrecamM  
brian to Mesozoic metamorphie．st）dimentary and  
intrusiverocks．  
Fig．2shows sitelocations on the bathymetric  

mapforobservationinthepremonsoonseasonofMay  
1995．Ateachof＄itesA（midlake）and G（nearthe  
glacierterminalcliff）．illOrdertoobtaintinleSeriesof  
watertemperature，Wefixedtemperaturedataloggers  

N  

Fig．2．Location ofob㌍rVationsiteso王1a batbymetric mapmade upもy Kadota   
（1994）．   



62  Bu11etin ofGlacierResearch  

atabout3ニ（）いand15：OO．Thewilldbehaviorscorre－  
spondtothevariationofairpressure；aWeakmoun－  
tain（southeast to south－SOutheast）wind blew typi－  
cally atless thanlm／S during theincreased air  
pressure at3：00－8：00，While a relatively strong  
valley（northwesttonorthNnOrthwest）windprevai1ed  
at2－7m／sduringthedecreasedpressureatlO：00－  
19：OO．Thesewinds thus blewin thelongitudinal  
direction over thelake（see Fig．2）．The mountain  
windisprobablyalocalkatabaticwindproducedon  
theUpperTrambauGlacier，Whereasthevalleywind  
ispossiblyduetotheupsIopeairadvectionoflarge  
sc；11ein［he Himalaya．1t should be noted that the  
strongvalleywindblowstowardtheglacierterminal  
cliff which contacts directly withthelake water．  
Thiswindmayproduceadvancedwindwavesatthe  
surfaceandwind－drivencurrentsinthesurfacelayer．  
Thewind－drivencurrentsare）ikplyto transport the  
radiative heat toward tbe termina王ciiff，tbus being  
responsibleforthesubaqueousglacier－melt．  

3．Results and Discussion  

ふ」．〟壷貯和毎頭血Co乃戯わ瑠5  
Fig．3showstimeseriesofmeteorologicaldata  

recordedatsiteMforaperiodlMayto27May1995．  
ItisseenthatprecipitationWaSrathersmallinthe  
premo11SOOnSeaSOnOf1995alldthat windspeed．air  
temperattlreandsolarradiationexhibitedclearditlr－  
nalvariations．The weak rainfalls ofll－19May  
were probably caused bythe advection of wet air  
massintheupvalleydirectionduringthepassageof  
weak depressions．Meantime tbe solar radiation，  
howe＼▼er．did not deぐreaSe COnSideTably．ThisiIldi．  
catesthestablesupplyofradiativeheatuniqueforthe  
lake warming．The solar radiationis mostly  
absorbedatthelakesurfacebecauseofthelowtrans－  
parencyiessthanO．2morthehighturbidityoflake  
water（Yamada．1996）．  

TbeairpresslireVariessemi¶diurnallywitilmaXi－  
mumsatabout11：00and22：00andwithminimums  
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ぎigt3・Meteoroiogicaiconditionsob紀ⅣedaとSiteMforl－27May1995・W主Ⅵd  
vectorsindicateleeward directiorlS女om tbe observation pointそsite M），乙g．  
directionsofwindforcingoverthelake．  
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Fig．鐘showsverticaldistributionsofwatertem・  
perature．T，SuSpendedsedimetltCOnCelltration（SSC），  
C anddensity［T2SihL，qatSitesB．GandGl．0’waS  
Calculated by o・＝（p001000）×10，Where pi＄Water  
density（kg／m3）atCmg／1and TOC，givenbyp＝（1－  
CxlO．3／ps）・PT＋C＼10‾3（ps．sus匹nded partieleden・  
Sity，2650kg／m3forTshoRolpaLake；PT，Clearwater  
density at TJC）．DissoIved solids coneentration of  
iake wateris here negligible because ofits slight  
amountlessthanlmg／l，thusbeingwithinthe SSC  
accuracy，±15mg／1（沈ettlrbidityaccuracy±亜mg／  
1multipliedbyO．3射6inthegiven TもーC relatioTlfor  
O≦㌫≦529．5mg／王）．  

ThewatertemperatureprofileatsiteBnearthe  
deepestpoint（Fig．4a）indicatesthatthelakehasan  
isothermal（about5DC）mixedlayeratdepthslessthan  
lO m with the thermocline at ab（→llt13min depth．  
Thetemperaturegl’adtlallydeereasesfrom3．2OCata  

触r恥m卿（℃ラ¢rD耶i中細慮血，¢  
0  1  2   3   4  5   6   7   8  

depth of15mto2．60Cnearthebottom．TheSSC  
distributionis rather complicated．showing a sma11  
rangeof131－152mg／latdepthslessthan15mandan  
increase at nlOre depths＼＼▼ith sixIocalmaxil11umS．  
The q profileis simi）ar to that（1f SSC．beeausethe  
Waterdensitydepends onSSCratherthantempera－  
ture．Asaresult，analmostisopycnallayerexistsat  
depths of Op35m．Theisothermallayer and the  
lower metaiimnion（layer with a relatively great  
Changeintemperature）atdepthslessthan25meould  
be prodlユCedbytbeturbulentmi草ingfromtbe wind  
Shear，Whiletherelativelycoldisopycnallayerat25岬  
35min depth was probably generated by densi＆  
iltl（U7（一t（）S horizontall），mOVingfromnear theglacier  
terminus toward the terminalmoraine．The SSC  
increasesatdepthsmorethaI135m．especia11yatmore  
thanlOOmwithapeakedvalueof740mg／1at5m  
abovethebottom．Thetemper’aturedecreaseisrela・  
tively great at depths t11Ore thanllO m with being  
p）てnally unstable at depths of more thanl15 m．  
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Fig．4．Vertiealprofiles of water temperature，SuSpended sediment concentration   
（SSC）anddensityinsiiuqat（a）siteB，（b）siteGand（c）siteG’（50m＄Outhwest  
OfsiとeG〉．Theprofi】eswereobとairled（a）at7：09－8：030n26May1995，（b〉aも   
8：31－8：550n26May1995andくc）at9；34岬9：420n27May1995．   
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theunderflows（seeFig．2forthesitelocation）．Site  
A，howeヽでl＼did not ha＼re the specific bo圧Omla）’er．  
ThedowllSIopewatermotionbyutlderflowscanthus  
be traced from near the subaqueous mouth to the  
deepestzoneatmorethanaboutllOm，Whichisbelow  
thebottoIllOfsiteA（1O7．Jmdeep）．Thisisbecause  
rし）mmOndensityunde・rflows，drivenb〉▼tlleprOductof  
thedown＄iopecomponentofthebuoyantgravityand  
theflowthickness，CanreaChtothedeepestpoint，aS  
farastheyholdsedimentinsuspension．Suspended  
sedimentsuppliedintoTshoRolpaLakeismostlysilt  
and clay withlow settling velocity（Sakai，1995；  
1’amada．1996）．The sediment－laden underflows  
could thus continue b）・keeping some sediment  
suspendedforaiongtime，eVeniftheyareweakened  
bydeposidonand擁Traiiononthewaytothedeepest  
poi‡lt（131m deep）．After reacbing to払e deepest  
point．【he undel・f】ows could move for some time by  
inertia．beeauseofthelowsettlingvelocityofsuspend－  
edsediment．TheSSCprofilenearthebottomofsite  
B（Fig．4a）suggeststhattheupperlevelofthesuspen－  
sionmovementi＄aboutllOmdeep，COrreSpOndingto  
theupperinterfaceoftheunder’flows．  

Fourlocalmaximums of SSC or olat depths of  
iOLIOO m at site B（Fig．1a）．indicating the pycnal  
instability，Were prObably prodlユCed by shear幻ows  
such asdensityinterfまows，i．e．the horizontaまintruv  
sions of turbid meltwater supplied from the subav  
queoustu（1ne）mouth．Thismeansthat thesedjme11t  
－1aden underflows welで bifurcatediIltO fourinter－  
flowsonthewaytothedeepestzone．Thebifurca－  
tionphenomenonwillbeschematicallydepictedlater  
（Fig．7）．Itis unknown，however，iftheinterflows  
couldreachtothedownlakeendtoexertsomeeffect  
on theT・malconditions at thビbottom of the terl11inal  
morai11e．1）〉ア11amiebehaviorsoftheinterflo＼＼’SShou】d  
bei11VeStigatedminutel〉：bymoredataco11ection．   

3一ヱ 熊列ゆ¢和gl匂ア由ぬ邦ぶ好物おγ箱ガゆg和勤柁  
Fig．5showstimeLSerit？SOfwatertemperatureat  

SitesAandG．andwindspeedalldsolaT’radi；ltionat  
siteMatlhinterva王sねraperiod25Mayto27May  
1995．Consequently，the temperature record only  
continuedwithinthe3days，butindicatedcleardiurq  
nalvariationsatdepthsofO．1mand20m ateither  
site．At20m depth，the temperature at site Gis  
consistentiybigbertbantbatatsiteÅexceptfor払e  
time period of6：00－12：OO on27Ma）r．This sug－  
geststberadiative山heattra王ISpOrttOⅥrardtbegiacier  
terminusby w払d－driven currents and consequent量y   

LakecurrelltSdriven b〉▼a Valley willd are Hkel）†tO  
prevai＝nthesurfacelayertowardt、lleglaciertermi－  
nusbet：auSeOfthelargefetchoverthelake（Fig．コ）：  
thewind仙drivencurrentscouldtransport：theradiative  
heatactive呈yformeltingthelower（subaqueous）part  
Oftheglaeierterminaleliff．  

The temperature distribution at siteG（Fig．4b）  
indicatestheheatingnearthesurfacebysolarradia－  
tionandanisothermalcondition（about50C）atdepths  
ofO．5NlOmasatsiteB．AtdepthsoflO岬35m，the  
temperatureishigherthanthatatsiteB，Whereasat  
morethan35m，itdecreasestoO．70Cnearthebotto肌  
Thehighertemrx）ratureat］O－35m depth pr〔｝babl〉7  
resultsfro111theuplakeheattraIISpOrtbywind－driven  
Currer晦COnSequentlygeneratingthedownwindse由ゆ．  
Atdepthslessthan4Om、SSCisnumerica11ylikcthat  
atsiteB．butincreasesgT’eatl〉ratm（1rethan朝nlup  
tothemaximum糾4mg／1atO．3mabovethebottom．  
Thecoldandt11rbidふater‡1earthebottomisjudged  
to indicate sediment-Eaden unde7jZows produced by 
theglacier－meltwater dischargedfrom a mouth of  
englacialturmels．The sedimentwladen underflows  
COuldgodownslopetothedeepestzoneofTshoRolpa  
Lake，Since the meltwater dビnS恒－（0．＝j．36 or p＝  
10OO．436kg／m3）atsiteGishigherthanorcomparab】e  
to water densities軌き6＜す＜4．45 0rlOOO．086＜声＜  
1000．445kg／m8）abovetbebottomofsiteB（Fig．4紙  
andalsothesuspendedsedimentinthemeitwateris  
ratherfine（almostt：laya11dsilt＝Yamada、1996こfor  
dynamic motions（一f sedi［llent－1aden underflo＼l・，See  
Chikita，1989andChikitaeiaL，1996）．Actua11y，the  
pycnallyunstablelayerofrelativelylowtemperature  
and SSC just above the bottom of site B can be  
producedbysuchtufbulentshearflowsassediment  
≠はdentlnderfbws（Chikita，1990）．  

The meltwater dist：harge from（）1Z（StlbaqtleOuS  
111Outhis obviousby eomparison with the profites at  
＄iteG’，50m（）ffsiteGorattbemiddleoftbegiacier  
terminalcliffintransect（Fig．4c；SeeFig．2）．SiteG’，  
shallower than site G，has no cold a11d ttlrbid water  
nearthebottom．ThesubaqueolIStunnelrnouthwas  
probablygrownbytheselectiveice鵬meltatthetermi－  
nu＄from the originalmeltwater discharging．The  
thicknessofthecoldandturbidbottomlayeratsiteG  
（Fig．4b）suggests that the mouthis aboutlO min  
heまgbt．   
1’ertjealtemperatureandSSCprofilesatsitesC．  

DandEindicatedtbeexistenceofrelativelycoidand  
turbidlayerotlthebottomasthoseatsitesBa11dG．  
thusevidencingthedownsiopemotionofmeltwaterby  
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Fig．5．TimeseT’iesofwatt？rten叩t）ra【tlreatd叩thsし1f什InlaLld3Om，attheb0日（一m   
andatlmabovetbeb（）枕OmくsitesÅandG），andwi11dspeedandsolarradiation  
atsiteMfor25叩27May1995．  

25May  

thecl）11tinuous；lPpearこInCe Ofthe heated watビr near  
theterminus．Astypifiedbytherecordfor7：00－17：  
800r126May，thete‡nperaもureincreaseatsiteGなom  
13：00is preceded by a re王ativeiygreat decrease of  
temperatureatsiteAfrom8：00and anincrease of  
Wind＄peedfrom7：00，Thetemperaturedecreaseat  
SiteAprobabl〉▼reSultedfronlthetransportofrelative・  
lycold waterfromdownlaketo compensatefor the  
Warm Water Which wi11dTdrivencurrents transported  
towardthegiacierterminus．Thedelayedincreaseat  
SiteGmayindicatetheslowappearanceofthewarm  
Water tranSPOrted by wind－driven currents．These  
SuggeSttbatwind－drivencu汀entSCOntrOitbetbermal  
Strtle【ureofthesurfacela〉▼ビratlessthanabout20m．  

The dollrl＼＼relling of warm（ab（）11t5ミC）st】rface  
WaterCOuldoccurattheglaciertermirrusduringthe  
daytimesetup．Thisprobablyinduce＄thecoolingof  
thesurfaぐeWaterbyadiret：tCOntaCtOftheglacierice，  
Thecooledwaterwouldsubsequentlyintrudeasdeか  
SityinterflowsatdepthsofコO－35m．i．（1attht？lぐハヽ▼er  

partoftheisop）renalsurfacelayer（StさeFig．Ja）．The  
Verticaiwatercirculationgeneratedbyava11eywind  
may【husbeeonlPletedb〉ltheupwellingoftheeooled  
water at tbe doⅥrnlakeeIld．   

ItisnotedinFig．5thatatthebottomofsiteA  
（107．4m deep），temperature Varied diurnally witb a  
maxilmlmat6：00－7：00inspiteofthesma11fluctua・  
tion．Thisditirnaivariationcouldcorrespondtothat  
tlfmeltwatertt？mperattlreatthebottomorlmabove  
thebottomatsiteG．ThemaximumsatsiteAwere  
delayed by6to7hours for those atlm above the  
bottomofsiteG；thisdelaygivestbemeanspeedof  
underflows at4．4仙5．1cm／s，by considering the dis・  
tance（1．1km）be摘reen sites G a‡id A（記e‡rig，礼  
Hence．Re〉711O】dsnul11ber．R（，＝［TH／：t，anddensirnetric  
Froudenumber，Fr＝U／（gHAp／pw）＝20fthe under→  
flowscanbecalculated，Where Uisthemeanspee仕  
方istheflov洩ickne∬，yistbekinematicviscosity，  
gistheaccelerationduetogravity，Apispf－P払，the  
underflowdt）nSity：P．thesurro川1dingwaterdensity）   
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and恥is the clear water density．Rc＝1．9＼105－  
2．1xlOSand打＝O．38－O．44wereheTeObtained．giving  
打＝0．044－0．051m／S，ガ＝7恥γ＝1．65×10‾6m2／s，gニニ  
9．8m／S2，Pw＝1000．Okg／m3，Ftf＝1000Akg／m3andp＝  
1000．2kg／m3from Fig．4a．Thisindicatesthat the  
underflows are turbulent and subcritical（Cf．Chikita．  
1989．Chikitaピタ（〟‥1991）．  
Atlmabovetbebottom，temperaturekeptcon・  

Stant．Thismayindicatenowatermotionnoreffects  
of sedimenト1aden underflows on thethermalcondi・  
tion probably because of thelevelhigher than the  
upperinterfaceoftheunderflows．Thisiscompatible  
withtheresu】tthatameltwatermotionbyunderflows  
isrestrictedtothebottomlayersfromneartheglacier  
terminus to the deepest point to around the bottom 
levelofsiteA（aboutllOmdeep）（Figs．4aand4b）．  
Atemperaturepeakof4．2－4．3OCappearedsimul・  

taneouslyatthebottomandatlnlabovethebottom  
OfsiteGat17：OOon25May．Thispeakwaspossibly  
produced by the short－term discharge of relatively’  
Warmmeltwater orthe strong downWe11ing ofrelか  
tivelywarmSurfacewaterduringtheleewardsetup．  

At O．1m depth of sites A and G．dailr temperature   
peaksappearedsimt11taneouslyatabout9：00．This   
indicatesadirecteffectofsolarradiationonthestill   
Wateratnearthelakesurfacebeforethebeginningof   
avalleywind．  
Fig．6shows FFT powerspectracalculatedfor   

time series of water tel】1perature at Sites A and G．   
ThespectraatlmabovetbebottomofsiteGbave   
SignificantpeaksatperiodsofO．95h（57min），0．47h  
（28min），0．33h（20min），0．25h（15min），0．17h（10min），   
0．12h（7min）andO．083h（5min），thus showingthe   
fundamental（aboutlh）or higher mode．These   
Peakspossiblyindicatehighfrequenciesinthediurnal   
Variation（Fig．5），也ougbapeakofa24h（or1440min）   
periodcannotappearfromthe3－daydata．  

Thespectrumat20mdepthofsiteAisanalogous   
tothatatlmabovethebottomofsiteGinhaving   
Sameperiodsof28min，10mhl，7minand5miIl．This   
SuggeStS theintruSion of the dowTIWe11ing cooled   
Waterintothe20－mdepthofsiteA（seeFig．7）．The   
SpeCtmmat20mdepthofsiteGissimilartothatat   
20mdepth ofsite A，Showingsome peaks at same  

Peri∝l（h）  

1．00E十00  1．（氾E＿01  l．00E・0コ  1．00E＋㊥2  1．00E＋Ol  
Ⅰ．（抑E＋00  

l．00E・0l  

盲
d
O
）
N
（
吐
合
鴫
貞
重
吉
国
 
 

Ⅰ．00E－02  

1．00E－¢3  

Ⅰ．00E一肌  

1．00E・05  

1．00E．（帖  
1．00E－02  1．00E＿01  1．00E＋00  1．00E＋01  1．00E＋02  

FmluenCy（Cph）  

Fig・61Powerspet：traOfwatertt・mPeratureatSiteA（2Onld叩tha71dbottonlland   
SiteG（20m（董epth，bottomandlmabovethebottom）calculatedbytheFFT（Fast  
FourierTransform）method，   



67  Chiki【al丁／（J／．  

m at maximum（50m averagedin transpct）for a  
period18September1993to20June1994，andby120  
m at maximumon27Jurle1994，dueto thecarving．  
A pond on the glacier disappeared after the large 
CO11apse（Kadota，19射）．At about16：4O on25May  
1995，thecarv1nggeneratedasurfacesurgewiththe  
WaVeheightofabout20cmanda period of26sec，  
The rate oflake－－basin expansion at the terminusis  
thヮs29…71cm葎atmaximumorユ8cm／donavera酢・  
Theradiativeheattransport towardtheten11inusby  
wind－drivenぐurrentSCOulditlereaSethenleltingoftlle  
SubaquemlSIowerice and consequently enhance tlle  
CarVingof血eg王acier．  

TheoutbtlrStPOtentialityofTsho Rolpa Lakeis  
knownbyquantifyingice－melteonditionsinthetermi－  
nalmorainesubjecttothelakビLWater！）reSSure，The  
terl11ina】moraine partia11）r COntains the fossilice．  
mostlydistributinginthedownlakeregionlessthan20  
mdeep（Fig．2：SeeYamada．1996）・Thelakebottom  
atnearsiteM（Fig．2）subsidedby掴．1emonaverage  
foraperiod14Novernber1993to30ctober1995．thus  
血emeandailyrateofO．064cm／d（Yamada，199軌In  
thedo＼rnlakeregion．illadditi（一ntOaCOntaCtWiththe  
lake water heattld b〉・SOlar radiation，the surface  
dischargeatsiteRト8m3／S）couldexalt仇eunder｝  
groundice－melt byindueing s［IかL7ir汀〃Ls，Whichis  
generatedbyadifferenceofwaterheadbetweenthe  
outletandfartherlakesu）・faぐe（Chikita ct a［り1985）．  

4．Conclusion5  

InthisstLldy．theroleoflakehydrodynamicson  
tllermalconditionsat thebottom andtheconsequent  
rateofthelakeNbasinexpansionweredocumentedby  
observingthemeteoroIogy，lakewaterpropertiesand  
lake basin topography．Fig．7shows a schematic  
diagramoflakehydrodynamicsanditseffectonthe  
lake－basinexpansionobtainedfromthepresentobser－  
vatiotl．AstrongvalleywindblowingtypicallyatlO：  
OOL19：00couldeffieiently producewind－drivencur・  
rents to transport the radiative heat to the glacier  
【erminus at the uplake end and then to downwell  
warm surface water at the terTnilluS．The surface  
watercontactedbytheglacierieeiscooledduringthe  
downwe11ing，andstぬsequentlyintrude＄intothelower  
part（25－こi5mdepth）oftheisopycna11ayerasdensity  
interf）ows．1nthelongitudinalsectionofthelake，tlle  
valley叫Wind shear thus tends to generate verticai  
water cireulationin theisopycna11a）▼er froI11the  
surface to about35nlin depth（see Fig．4）．The   

t）eriods．The G－2O m peaks．however．are rather  
unclear except the peak at O．38h（23min）．This  
SuggeStS the continuousirltnlSion of cooled surfilCeL  
watel・intothe2CImdepth（）fsiteG．  

ThespectrumatthebottolllOfsiteAhaspeaksat  
periodsofO，68b（41min），0．42h（25min），0．23h（14  
min），0．20h（12min）andO．17h（10min）．Thesepeaks  
does110tCOITeSpOndtothoseat2Omdepthofsite A  
andatlmabovethebottomofsiteG．Thissuggests  
thatathermalconditionatthebottomofsiteAisnot  
directiyaffectedbydischargingmeltwaterbutbythe  
lake water entrained by sedim円It－1aden undeI●flows  
Onthewaytothedeepestzone（Fig．7）．Beforereaeh・  
ing to the deepest zone，the underflows cotlld be  
weakenedbytheentrainmentofthesuTrOllndinglake  
water and tllt）bifureationilltO densityinterflows．  
The periodi亡it〉▼ Of111eltwater temperature js thus  
consideredtohavebeenuntraceableatthebottomof  
siteA．  

Thebottomt円11peraturebetweensitesGandA，  
anyhow，COuldbecontrolledbythedynamicbehaviors  
ofsedimenトIadenllnderflows．The underflows tend  
to transport relativety cold water and deposit their  
su＄鱒nded sedimeilt On thelake bottom．Ås the  
depositthicknessincreases，thetemperaturegradient  
betwefLn the b（lttOm Water and undergroLlndice  
decreases．Thesedimentdepo＄ition and coldwater  
transport tlhus decreaSeS the bottom heat flux・  
Hence，theunderfIowswouldnotexerciseaconsider・  
ableeffectontheundergroundice－meltexceptatnear  
thesubaqueoustLmnelmouth，Wheretheflowenerg）▼  
orturbulentheatdiffusionisenough．Itishcrediffi－  
cult to evaIuate tfie heae flux with respect to the 
undergroundicemelt，Sincespatialdistribtltionsofthe  
sediment thickness andice are uIlknown：the uIlder－  
groundstructureandpresentsedimentationratecould  
be specified by usi［lg a Seismie profiter（（．g‥ See  
Nakao and Yamashita．1978．IlaIlda tイa［．．1987）and  
Sedimenttraps．respectively．   

β－4．励鹿げエ血再触壷屈柳冊血  
The maximum rattチOf thelake－Lbasint）XpanSion  

bas＄0ねrbeenobservedattbeg王acierterminalcli且  
ItisbecausetheLて〃γi〃gOfglaeiericeattheterminus  
occursbytherelativelygreatice－meltatthelower  
partdirectlyeontacted bylake vmter・Thecar＼Ting  
nleanS thビCO11apse ofice bod）T at the cliffShaped  
glacier teminus alonglarge splitslike crevasse、  
According to topographie data of Kadota（1994）．the  
glaciertenninusabovethelakesLlrfacerecededby＄O  
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S血iぬⅦ血重刑  

Fig．7．SchematicoflakectlrrentSandtheirsedimentationwhichafftcttheicemelt   
OnOrbelowthebottombasinatuplakefromaroundsiteA（midlake）．Theupper   
interfaceofsedimentLladenunderflowsisataroundthelevelofthebottomatsite  
A．  

downwellingofwaTlnSurfacewaterincreasestheiee  
Mmeltatthelowerpart oftheglacierterminalcliff，  
thusenhancingtheicecarvingattheupperaerialpart．  

Thedischargeofglacier－meltwater（probably，at  
OやC）couldproduceasubaqueotlStunnelmouthbythe  
relativelylargeiceLmelt at thelo＼Ver part Of the  
glacierterminlユ＄．ThemeltwaterinvoIvesmuchfine  
l汀ainedsedimentofsiltandclay（Yamada，1996），and  
COnSequentlygeneratessedimenト1adenunderflowsat  
nearthe mouth．Duringthe downSlope motion，the  
underflows deposit their suspended sediment on the  
bottom．which may form the subaqueous（）utWaSh  
invoIving sediment sorting（Edwards，1986，Chikita，  
1992）．The underflows simultaneously entrain the  
relativelywarm andclearwater at the upperinter・  
face．Thesecoulddecreasethekineticenergyofthe  
tlnderflows and make unstab）e theirinterior densit）・  
StruCture relative to the surrotlrlding water density曹  
Thedensityinstabilitytendstoproducethebifurca－  
tionofunderflowsintosomeinterflows（Fukuokaand  
Fukushima，1980）．Themaximumsofsuspendedsedト  
ment concentrationbelow theisopycnallayer prob・  
ably result from the intrusion of relatively turbid 
Waterbytheinter幻ows．HoⅥreVer，itisunknownto  
What extent theinterflows exert an effect on the  
bottomtemperatureatthedownlakeendcorrespond－  

inF tO theintrusive depth．Itis becauseinterflows  
tendstograduallylosethekineticenergywithincreas－  
ingflowthicknessbyentrainingthe ambientwater．  
Suspended sedimentin theinterflows could finally  
Settledowntothebottomasfalldeposits．Thedepo－  
Sition．however．isprobablyslightinamountcompar－  
edwithsedimentationbysedimentAladenunderflows．  

Sediment－laden underflows are traceable up to  
the deepcst zone more thanllO mindepth．This  
means that the bottom temperature from nearthe  
Sl】baqueoustunnelmonthtothemid】ake（atoraround  
Site A）couldbedeterminedbywatermotionsofthe  
underflows．SedimenトIaden underflows，however，  
probablyexertnoconsiderableeffectontheice－melt  
below the bottom，because during the downslope  
motion，theytendtolosethekineticenergyeffectively  
bydepositingsuspendedsediment．entrainingthesur－  
roLlnditlgWaterOfrelativelylow turbidity and bifur－  
Catingthemselvesintosomeinterflows．Theirfu11y  
turbulentheatdiffusion，thus，isnotexpected．AIso，  
the sediment deposition could decrease the bottom  
heatfluxbydecreasingtemperaturegradientbetween  
thebottomwaterandundt）rgrOundiee．  

The take water density depends on suspended 
Sediment concentration rather than water tempera－  
ture．Thesuspendedsedimentismostlyclayandsilt，   



してhikita上イl止  の  

Whichis transportedlargely by the sedimenトIaden  
underflows andinterflows；The debris on the  
morainesadjacenttotht）1akeisratherco；lrSe．though  
its collapseinto thelakeis frequent．The density  
Stru（：turein thelakeis thus dominated by the two  
kindsofdensitycurrents．Thewind－drivencurrents  
andsub＄equentdownwe11ingandcountercurrents，i．e．  
theverticalwatercirculationduringtheleewardsetup  
could exert a considerable effect on the lake basin 
expansion，eSpeCiallyattheglacierterminus．   

lnformationonsedimentarystructur・eandglacial  
ice distribution below the bottom is necessary to 
evaluate heat flux at thelake bottom．Numerical  
Simtllationbyamodeledlake，Wheresedimentationis  
takenintoaeeount，COuldthenclarif）lSyStematierela－  
tionship among the basin expansion，glacier－melt  
dischargeandlakehydrodynamics．   
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