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Abstract  

GLOF（glacia11akeoutburstfl00d）eventsarecommonphenomenainthehighmountainareasof  
the Bhutan Himalayain the past50years，and have been acceleratedin the recentyears．Field  
Observationsandinvestigationbymq）andsatelliteimagesindicatethatmostsupraglacia11akestendto  
COnneCteaChotherandgrowuptoalargelakerapidly，andthatmoraine－dammedlakeswereformed  
andrapidlyexpandedafterthe1970s duetoretreatlngand／ormeltingofglaciers．Assessmenton  
OCCurrenCeOftriggers，irq）aCttOthelakes，andvulnerabilityofmoraine－damssuggeststhatthereareat  
least5potentialdangerousglaciallakesinthenorthwesternandnorthernBhutan．Dangerousglacial  
lakesareLuggeTsho，RaphsthrengT馳0，andThorthomiTshoineasternLunana．Sincethesethree  
glaciallakesstillcontainalargevolumeofwater，andareboundedeachotherandinteractsensitively  
throughwaternuxanderosion．TwoTarinaLakesarealsodangerousduetooccurrenceoftheice  
fallingfromglaciertermini・Constantandregularmonitoringofglaciersandglaciallakesareurgently  
requiredtoprq）areneCeSSarymitigationactivities．   

Keywords：BhutanHimalaya，glaciallakeoutburstfl00d，GLOF，mOraine－dammedlake，riskassess－  
ment  

glaciallake outburst noods（GLOFs）in valleys  
downstream．TheGLOFsresultinseriousdeathtolls  
and destruCtion ofvaluable naturalresourcesin the  
Himalayas（RichardsonandReynolds，2000a，b；Mool，  
2001）．TheHimalayanregionsincludingtheBhutan  
Himalaya have suffbred many GLOF events（Ives，  
1986；Mool，2001）． GLOF5 倉om the】〕butan  
Himalayawererecordedatleastintheearly1940s，  
1957（？），1960，1969，and1994（Gansser，1970；  
GeologicalSurveyOfBhutan，1999：2）．The1994  
GLOF was trlggeredbypartialbreaching ofLugge  
Tsho GlacialLake，and killed over 20 persons  
（WatanabeandRothacher，1996；GeologicalSurveyOf  
Bhutan，1999：2）．   
Monitoringofthechangeofglaciers，glaciallakes，  
andthesurroundingenvironmentsisurgentneedfor  
theaccurateassessmentonthefutureriskpotentialin  
the Bhutan Himalaya（Wangda，2000）．A Bhutan－  
JapanJointResearchstartedin1998forthefbllo扉ing  
Objectives，Whichareusefu1forthefuturemonitoring  
Onthevariations ofglaciallakes：（1）Preparationof  
theupdatedinventoryofm叫Orglaciallakeslocatedin   

1．Imtroductiom  

Globalclimaticchangeduringthelatterhalfofthe  
twentiethcenturyhasafftctedasignificantimpacton  
thehighmountainousglacialenvironments．Glaciers  
in the Himalayas are shrinking more rapidly than  
glaciersinthe otherreglOnS Oftheworldunderthe  
influenceoftherecentglobalwarming（e．g．Kadotaet  
al・，1997）・ItisconceivablethatglaciersinBhutan  
areso sensitiveto the globalwarm1ngthatthey are  
understronginfluenceofthesummermonsoon，and  
mostoftheglaciershaveretreatedrapidlyinthese35  
years（Kama，2001）   
Therapidretreatand／ormeltingoflargeglaciers  
form alarge number of proglaciallakes and／or  
SuPraglaciallakes．Mostoftheproglaciallakesare  
typicalmoraine－dammedlakes that are formed  
betweenglacialterminusandfrontalmoraines．Due  
toanincreaseinratesofthesnowandicemelting，  
1arge amount ofwater accumulatesin theselakes．  
Suddendischargeoflargevolumesofwater丘omthe  
lakes mainly by the moraine－dam failure causes  
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Fig・1Researchroute，riverbasins，andglaciallakesintheBhutanHimalaya・  

the Bhutan Himalaya；and（2）Assessment on the  
dangerofGLOFincludingrankingofvu1nerabilityof  
glaciallakesbycombinedstudyonthevariationsof  
glaciallakesandthesurroundingglacierarea．The  
results of the research were reported as an un－  
Publisheddocument（AgetaandIwata，1999）．   
Inthisreport，WeindicaterisksofGLOFsofsome  
glaciallakesin the Bhutan Himalaya，andpropose  
POSSiblemeasuresforavoidingrisksofGLOFsonthe  
basisofthisresearchandavailableinfbrmation．   

2. Methods of Study 

2．1Fieldobservation   
The丘eld observation was carried out along the  
route of“SnowmanⅡekりin the northwesternand  

northernPartS OfBhutanin SeptemberandOctober，  
1998・Figurelshowstheresearchrouteandglacial  
lakesthatwerestudied．Glaciers，glaciallakes，and  
landformSWeremaPPedinthe負eldaidedbysatellite  
i竺agery（SPOTJXS：takenin Dec・1993；enlarged  

PnntSataSCaleofl：50，000），andtopographicmapsat  
thesamescale（1：50，000）compiledbySurveyOfIndia  
in the1960s by aerialphotographs taken between  
1956and1958．Large glaciallakes concentratein  
theLunanaarea，nOrthernBhutan，eSPeCiallyinthe  
Thanza area・Large moraine－dammed glaciallakes  

andglacierswithsupraglacia11akesexistinanarrow  
areaandshowcomplexlandscapes（Fig．2）．   

2・2 List11pOfglaciallakes   

GeologicalSurveyOfBhutan（1999）publishedan  
inventory ofglaciers and glaciallakesinthe head－  
WaterS Ofthe mqorriverbasins ofBhutan．Code  
numbersandlettersoftheglaciers，glaciallakes，and  
drainagebasinsinthisreportareadoptedfb1lowlng  
thoseqppearedintheinventory．Codelettersofthe  
nrst－OrderriverbasinssuchasMandP，andnumbers  
OfglaciallakesareshowninFig．1．LettercodesG  
andGLdesignatetheglacierandglaciallake，reSPeC－  
tively．For example，Glacier No．10and Glacial  
Lake No．10locatedin the drainage basin P are  
labeled as GPlO and GLPlO，reSPeCtively．Geo－  
graphicalnames suchasvi11ages，rivers，mOuntains，  
andsoonarealsofo1lowedthepublishedinventory・  
InformationonglaciallakeswasglVenbasedonour  
OWn丘eld observation and was complemented by  
Various documents such as satelliteimages，maPS，  
1iteratures，and unpublished photographs．Particu－  
1arly，GlacialLakeInventory M叩S by GeologlCal  
Survey Of Bhutan（1999）（1：50，000in scale）and  
Sketch m叩S drawn by Gansserin1967（Gansser，  
1970）providedusefulinformation．   
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●fake  ゝ－Stream  
ヽr ridge   ・houses  

Fig．2 Glaciers，glacia11akes，andmorainedamsinThanzaarea，eaSternLunana，nOrthernBhutan・  

lndirect  

triggers  
Oirect triggers Direct causes  

Fig・3 Causeande飴ctrelationshipsamongpossibletrlggerSandcausesforGLOFofmoraine－dammedlakesin  
theBhutanHimalaya．   
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Channels． Complicated cause－ef托ct relationships  
existamongfactorsofdirectandindirecttrlggerS，and  
directcauses．   
Based on this schematic diagram ofthe cause－  
e飴ctrelationships，itemsofassessmentofGLOFsare  
listedinThblelandachecksheetfbrriskassessment  
ofmoraine－damfailureand／orlakeburstintheBhutan  

Himalayawasprepared（Fig．4）．Thecontentsofthe  
ChecksheetscoverGLOFhistory，glaciallake，related  
glacier，glacier 丘ont／lakeinterface，glacia11ake／  
moraine－daminterface，andmoraine－dam．Itemsand  
headingswereexamined，Checked，andfilledbasedon  
the 負eld observations and other documents and  

informationmentionedabove．Inconclusionovera11  
assessmentis proposed：（1）probabilityofmoraineq  
damfailureanditsdirectcauseandtriggers；and（2）  
degree of danger． The degree of dangeris a  
PrObabilityofhazardinthedownstreamareawhich  
largely depends on the water volume ofthelake，  
geomorphologicalf邑aturesinthedownreaches，and  
status ofin丘astruCtureS and habitationsin the  

downstream area，although we were not able to  
enoughdiscussonenvironmentalandhumanenViron－  
mentsinthedownstreamareas．  

2．3 GLOFriskassessment   

Riskassessment ofGLOF can only be made by  
Carefu1evaluationofnumerousfactorsregardingboth  
Outburst potentialofglaciallakes and downstream  
impact，butinthisreportwefbcusedonlytheoutburst  
POtentialofglaciallakes．Outburstpotential（future  
？utburstpossibilityoflakes）canbepredictedby（1）  

understandingoffutureoccurrenceoflakeoutbursts  
and（2）future changes ofrelated phenomena that  
innuence andimpact the glaciallakes．There are  
COnSiderablereportsonpastGLOFsintheHimalayas  
（Gansser，1970，1983；Ives，1986；Vuichard and  
Zimmemam，1987；W如弧めeandRo也acher，1996；  
Yamada，1998，2000；GeologicalSurvey OfBhutan，  
1999；RichardsonandReynolds，2000a，2000b；Mool，  
2001）．   
Consulting these reports，triggers and causes of  
lake outburstwere examinedfor casesinthe Bhutan  
Himalaya．Figure3 shows possible triggers and  
causes for GLOF of moraine－dammedlakesin the  
case of the Himalayan Mountains. We distinguish 
direct causes fiom triggers orimpacts of GLOF．  
廿iggers orimpacts change thelake water and  
moraine－dam conditions，and theninduce moraine－  

dam failure and／or sudden expansion of outlet  

1払blelAchecklistforriskassessmentofGLOFsduetofailuresofmoraine－damsintheBhutanHimalaya．  

Infbrmation倉ominhabitants  
Historicalandobservationaldocuments  

GeologicalandgeomorphologlCalrecords  
GeologicalandgeomorphologlCalevidencesofthepastGLOFsindownstreamareas  

RecordofpastGLOFs  

Glacierandglacia11akebasin Occurrenceofglacieravalancheswhichafftctontheglaciallake  
Occurrenceofsnowavalancheswhichaffbctontheglaciallake  
Occurrenceoflandslidesand／ordebrisflowswhicha飴ctontheglacia11ake  
Occurrenceoftheglaciersurge  

Situationofcontactbetweentheglacierfrontandthelakewater  
Activityandfluctuationoftheglacierterminus  
Calvingoficebergsand／oriceblocks  
Supplyofglacialdebris録omtheglacierfronttothelake  

Areaanddepthofthelake  
Sh叩eOfthelakebasin  
Rateoflakeexpansion  
Conditionofsupraglacialponds  

Glacier－1akeinterfaces  

Glaciallake  

Glacia11ake－mOraineinterface Relativedepthatthebaseofmorainedam  
Ratioofincomeandout－nOWWaterVOlume  

Moraine－dam  Volumeandshape  
Geomorphicevolutionofinnerslopes  
Componentofmaterials  
Existenceoficecores  

Occurrenceofseepageand／orpIPlng  
AgeandhistoryofconstruCtion  
Relativeheightandinclinationfromtheouterbasetomoraineridges  
Geomorphicevolutionofouterslopes  
Relativeheightandinclinationoftheoutletchannel  
Shapeoftheoutletchannel  
Conditionsofsideslopesoftheoutletchannel   
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Datasheetofglacierlakeinventory  

intheBhlltanHimalayas  

7  

Codenumberofglacierlake：  

Nameofglacierlake：  

Riverbasin－1storder：  

－Zndorder：  

－3rdorder：  

Location－Longitude：  

TLatitude：  

－Approx．：  

Dimension－lengthandwidth：  

ーdepth：  

－lakesurfaceelevation：  

Planshape：  

Relatedglacier－name：  

－interfacewithlake：  

Typeofglacierlake：  

RecordofpaざtGLOF5：  

Remarks：  

Datasourcesqmap：  

ーSatelliteimage：  

－1iteral：ure：  

ーfieldobservation：  

Fig・4 Formatofthedatasheetoftheglacial1akeinventory  

（1）Supraglacia11akes   

Comparisons of toposheets，Photographs，and  
Satelliteimagesin di飴rentyearsindicatethatmost  
glaciallakesstarted丘omsmallsupraglacialpondsand  
lakes．Theyexpandedandconnectedeachotherand  
grew up to alargelake．Expansion ofThorthomi  
T5ho（GLPlO），SuPraglacialice－meltlakes on  
ThorthomiGlacier，hasbeenacceleratedinthe1990s  
as shownin Fig．5．The thin debris－COVer On the  
glacier surface acceleratesice meltingandthevery  
gentlegradientofthesnoutmayleadtoformalarge  
lakeinnearfuture．   

（2）Moraine－dammedlakes   

Moraine－dammedlakes are entirely or partly  
SurrOundedbylatero丘ontalmorainesandarelocated  
atice－marglnal，PrOXimal，anddistalpositionsinfront  
Ofglaciers．Theyarealsoformedoutsideoflateral  
morainesbetweenthemarglnalmoraines，andmoraine  
ridgesofdiffbrentglaciersandva11eyslopes．   
1もrina Lakes（Tbrina Tbho GLPland Mouzom  
Tsho GLP2），introduced by Gansser（1970）with  
beautifu1photographtakeninautumnof1967，already  
existedin the1950s（Fig．6）．Thelakes show no  
largechange，buttheareaoftheupperlake（GLP2）  
extendedupstrearemarkably（0・7knfrom1967to  
1988），incomparlSOnWiththeGansser’sphotograph．  
The size andplanshape ofthelowerlake（GLPl）  
becamesmallerfrom1967to1989－90．Thecauseof  

theshrinkageisnotclear：therearepossibilitiessuch  
asanerrorofmappingbyDGMandincreasedwater  
drainagebychangeoftheoutletchammelform．   

3．Results  

Informationofglaciallakesandtheirenvironments  
resultedfrommapplngOfglaciers，glaciallakes，and  
landformSinthe鎖eld，andobtained丘om otherdata  

SOurCeS WaS COmPiledin a glaciallakeinventory．  
Risk assessments ofGLOFsfor these glaciallakes  
Weredescribedonchecksheets oftheglaciallakes．  
These results were submitted to Department of  
GeologyandMinesinBhutaneseGovernmentas an  
unpublished report（Ageta andIwata，1999）．The  
fo1lowlngSeCtions，WePreSentthemostimportantpart  
Oftheresults onexpansionofglacia11akes，trlggerS  
andimpactforoutburst，anddirectcausesofmoraine－  
damfailures．   

3・1Expansionofglaciallakes   
Results of observationfor30glaciallakes are  
Summarizedinlもble2．Theseglaciallakesobserved  
areclassinedintothreetypesbasedonlocationsand  
Originsasfbllows：（1）supraglacialice－meltlakesor  
POnds，（2）moraine dammedlakes，and（3）1akes  
locatedin basins without glaciers．No glacier－  
dammedlakewasfoundalongtheobservationroute．  
Dista11akes meanlakeslocated farfrom glacier  
terminus． Lakesin basins without glaciers are  
locatedin clrqueS and glacialtroughs scoured by  
Pleistocene glaciers．Most ofsupraglacialice－melt  
lakes or ponds and moraine－dammedlakes have  
expandedinrecentdecadesasalreadyreported（Ageta  
etal．，2000）．Here，WeShowsometypicalexamples．  
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1払ble2 GlaciallakeinventoryintheBhutanHimalaya．  

CodeNo・  Name of Location  Location Cause Occur－  Moraine－dam  
of glacial glacial  to  of rence of 

㍍ke  lake  Longitude Latitude glacierlake avalanche Massm㌣e－Relaモiてヲ Outlet 2） 
OE  ON  

ロ‾■▼▼‾▼▲  
mentl） hei  htchanne13）  

GLW4  

GLW5  

GLW6  

GLM 1 

GLM 2 

GLM 4 

GLM 10 

GLMll  

GLM 12 

GLM 15 

GLPI  

GLP2  

GLP 3 

GLP6  

GLP 7 

GLP8  

GLP 9 

GLP 10 

GLP 12 

GLP 15 

GLP 16 

GLP 17 

GLP 18 

GLP 19 

GLT 8 

GLT 9 

GLT 10 

GIJll  

GLT 12 

GLT13  

89021．5■  27049■  

89022．5■  27045．5■  

89022．5－  27045．5I  

89022■   27050．3－  

890241  27050．7－  

89035I  28004■  

89051I  28004－  

89050．2I 28003．51  

89049．51 28003．2I  

89052I  28001．51  

89054－   280061  

89054．5－  28006．5，  

89055．2－  28007■  

90002■   28003■  

90009．81 28004．5■  

900141  280061  

900151  28006．5－  

90016．5■  280061  

90018－   28006I  

89058．2■  28004－  

89058I  28003．7－  

90014．4I 28000．2－  

90014．51 270591  

90016－   27055．21  

90017，  27054．81  

90017－   27054．5I  

90017．5－  27053．5－  

90019．51 27044．2－  

90017．51 26043†  

90017．4† 26040I  
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Bechung  
Raphsthren岳  

Thoれhomi   

Lugge   

Thampe  
UmT岳hoUpper  
UmTshoLower  

CodenumberofglaciallakeareindicatedinFig・1・Locationtoglacier：1．Supra－，en－，andsub－glacial；2．Ice－marglnal；  
3・Proximal；4・Distal；5・Inthebasinwithoutglacier・Causeoflake：1・Byicemelting；2・Dammedbyglacier；  
3・Dammedbymoraine；4・DammedbyotherlandformS；5・Riverlake（bypoordrainage）．Occurrenceof（glacier／snow）  
avalanches：1・Extremelyhigh；2・High；3・Low；4・Extremelyloworno；5・Unknown・1）Occrrenceofmassmovement  

Oninnerslopes：1・Extremelyhigh；2・High；3．Low；4．No；5．Unknown．2）RelativeheightorlnClinationoftheoutlet  
Channel：1・Extremelyhigh；2・High；3・Low；4・Unknown・3）Shapeoftheoutletchannel：1．Narrowandsharp；2．Narrow  
andgentle；3・Wideandsharp；4・Wideandgentle；5・Unknown・   

Raphsthreng Tsho（GLP9）has rapidly expanded  
betweenthe1950sand1980s，Whileinthe1990sthe  
lakemaintainsalmostthe警ameState（Fig・7）・This  

meansthatthelakeexpanslOnattainedthemaximum  
Stage，SuggeStlng that the glacialretreat nolonger  
COntributesthelakeexpansionbecausetheglacialbed  
seems to become steep abruptly upstream from the 
PreSentPOSitionandabarerock－Wall叩Pearedatthe  
endofthelake．The dimension ofthelakein1996  
WaSl．9kminlengthandO．96kninwidth，andthe  
maximumdepthoflO7mwasrecorded（Geological  
SurveyOfBhutan，1999：26）．Watervolumeofthe  
lake was estimated as 47×106 kn3in1986 and  

67×106km3in1995（GeologicalSurveyOfBhutan，  
1999：26）．   

The Lugge Tbho groupincluding Lugge T址0  
（GLP12），Tbopda Tsho，and Drukchung T岳ho  

（GLP13）isillustratedin Fig．8．In the1950s no  
Water－maSS WaSidentined both on Lugge and  
Drukchungglaciers．DrukchungGlacierliesonthe  
east of Lugge Glacier，and coalesces at the  
SOutheastern corner Ofit．According to Gansser－s  
Observationin1967，many glacier－meltponds were  
formed on both glaciersurface，andhefound clear  
SlgnS Of recent burstlng Of ponds on Drukchung  
Glacier（Gansser，1970）．From1967to1988the  
SuPraglacialpondsjoinedtogetherfbrm1ngtWOlarge  
lakes，Lugge T5ho（GLP12）and Drukchung恥ho  
（GLP13）・Bysatellite－imageinterpretation，WaterOf  
DrukchungTsho haddrainedthrough asupraglacial  
Channelinto LuggeTbho，andwaterofLuggeT岳ho  
nowedoutthroughclearoutletchannelformedinthe  
lateral moraine. Since Dntkchung Tsho represents 
themaximumareain1988，aCOnSiderablequantityof   



9  GlacialLakeOutburstFloodinBhutan  

1．2×0．50kmin dimension（GeologicalSurvey Of  
Bhutan，1999），butno maximum depth hasknown・  
TsopdaTsho，OCCuPiedinthe outercornerbetween  
LuggeandThorthomiglaciers，disappearedbetween  
1967and1988（Fig．8）．  

〔ノ   
1989－90（DGM，1996）  

water was probably drained and nourished Lugge  
Tsho．LuggeTsho hadits maximumareain1993，  
andshrankaf［erthe19940utburst，andsuccessively，  
thewesternbankofthelakeregressednearly500m．  
After the 1994 outburst Lugge Tsho became 

1956－58（ToI氾Sbeet：1968）  

1967（Ga那Ser，1970）  

Fig．5 ExpansionofThorthomiT5ho（GLPlO）（Agetaetal・，2000）・  

1956－58  1967  0⊂t．1988  

（Toposheeヒ1968）  （Gansser，1970）  （MOS－1）  

／
l
＼
1
、
l
 
 
 

闇  
Dec．1993  Sept 1998 

（Field observation  
by Age仏）  

（DGM，1996）  （SPOT－XS）  

Fig．6 ChangeofThrinaLakes（TarinaTbhoGLPlandMouzomTshoGLP2），WeSternLunana，  
northernBhutan（Agetaetal．，2000）・   
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1956－58（Toposheet：1968）  伽t・19g8・（MOS－1）Dec・1野3（S鱒T－ⅩS）  

1 1989－恥（師M，江腕）  Dec．1如4（SpOT－3）                    l  
1！殖7（Gansser，1970）  

Fig・7 ExpansionofRaphsthrengTsho（GLP9）（Agetaetal．，2000）．  

1989－90（DGM，1996）   ′1956－58恥匹Sheet：1968）  

勺 ◆、、■ ヽ  
Fig・8 ExpansionofLuggeTsho（GLP12），TsopdaTsho，andDrukchungTsho（GLP13）（Agetaetal．，2000）．   
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Sinceboththeglacia11akesinTbrina（TarinaTsho  
GLPland Mouzom T姐o GLP2）in Lunana are  
locatedatthefbetofhighrockcli飽，WatermaSSeSOf  
theselakesoverflowwhenthehanglnglCemaSSeSOf  
glacier丘ontsGPlandGP2locatedonthecli飽fall  
down．Steepglacierswithhighandsteepbackwalls  
SuChasRaphsthrengGlacierareverylikelytoinduce  
impactsofavalanchesonglaciallakes．Ontheother  
hand，riskofavalanchesasatriggerisavoidablefbr  
glaciers with gentle and long terminus. At the 
PreSentState，theglacierffontattheeasternmarginof  
LuggeT5ho（GLP12）issituatedsofardistancefrom  
the steep upstream glacier area that the trigger by  
avalancheisinefEective（Fig．2）．   

2）Landslideanddebrisflow   
Landslideanddebrisflowoccurrlnglnglaciallake  
basinsimpactonthelakewaterandcausesurgewaves  
andsuddenriseoflakelevels．Highandunstablein－  
nerslopesofthelateralmorainesandlargetalusesof  
Raphsthreng Tsho（GLP9）indicate the highproba－  
bilityoflandslides which cause considerable high  
Surge WaVeS attaCking the dam（Photol）・Large－  
SCalefailuresofinnermoraineslopesofLuggeTsho  
（GLP12）causedbymelting oftheice coresinthe  
moraineleadtothesuddenriseoflakewatersurface．   

3）Blockadeoftheoutletchannel   
Possible causes ofthe sudden rise ofthe Lugge  
T5ho（GLP12）1akelevelareanticipatedbyblockade  
Ofthe outlet channelby（a）the failure occurring at  
aroundthe outletchannelwhichrunSjustbelowthe  
SteePinnerslopeofthelateralmoraine，and（b）the  
ObstruCtionbyicebergscalved丘■Omtheicecliffatthe  
glacier丘ont（Photo2）．  

Rates ofthe glaciallake expansion are variable  
Withindividuallakes．ThelargeStmeanannualrate  
is160myear－10fLuggeTbhobetween1988and1993・  
Agetaetal．（2000）concludedthatthemeanannual  
expansionratescoverinarangeof30－35myear－1・  
ThisvalueissmallerinBhutanthanNepal．   

3．2 ProbabletriggersfbrdirectcallSeS   
AsshowninFig．3，therearesomanyindirectand  
direct trlggerS for GLOFs． One of the most  
importantindirect trlggerSis globalwarmlng that  
CauSeStherapidlakeexpansionasmentionedabove・  
In addition，earthquake，due to active tectonic  
movementsoftheHimalayas，andheavyrain，driven  
丘omsummermOnSOOnSandcyclones丘omtheBayof  
Bengal，areSuPPOSedtobeseriousindirecttriggers，  
andmoreoveritisdifBculttopredicttheoccurrence・  
Theseindirecttriggersa脆ctvariousdirecttrlggerSin  
turnthroughthecomplicatedcauseandeffbctlinksas  
ShowninFig．3．Wereftrhereonlysomenotable  
examplesofimportanttrlggerS．Onthebasisofthe  
PreVious studies and ourinvestlgation，Six direct  
triggers canbepointedout，namely，（1）glacialand  
SnOWaValanches，（2）landslidesanddebrisflows，（3）  
blockade of outlets，（4）seepage and pipingin  
moraines，（5）GLOF or rapid discharge 丘om an  
adjacentlake，and（6）1ateralerosionofmoraines．  

1）Glacialandsnowalanches   
FalldownofhanglnglCemaSSeSOfglacier丘onts  
On the cliff岳 and／or avalanches 丘om steep wa11s  
behindglacierscauserisksofsuddenwaterrislngand  
SgeWaVeS・Theyarethemost丘equent（over50％）  
trlggerSforpastGLOFsintheHimalayas（Richardson  
andReymOlds，．2000）．  

LuggeTsho．Theexcavationmadeattheoutlet．Notetracesoffreshrockfa11s丘omhigherplacesonthe  
rightofthelake，andthealtitudinaldifftrencebetweenRaphsthrengTshoanddebris－mantledThorthormi  
Glacier．   
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Photo2 Upper：Lugge Tsho（GLP12）fromthewesternend．Theice cliffofLugge Glacierterminusis onthe  
easternendofthelake．  

Lower：BreachinthelateralmoraineofLuggeTsho鉦omoutside．Itwasenlargedleftwardontheoutburst  
in1994．  

4）Lakewaterseepageandpiping   
We observedthatconsiderable amountofwateris  
leakingfrom thelefモー1ateralmoraine of Thorthomi  
Tsho（GLPlO）totheriverchannelfromLuggeT姐0．  
Therefore，theleft－lateralmoraineis now very  
unstable condition and very dangerous state for  
destruCtion．Since the waterlevels ofsupraglacial  
lakes on ThorthomiGlacier are about60m higher  
than that ofRaphsthreng Tsho，itis doubt that the  
SeePageWaterflowsintoRaphsthrengTshobelowits  
Water Surface（GeologicalSurvey OfBhutan，1999：  
27）．Results ofwatertemperaturemeasurements at  
RaphsthrengTbhoalongthemorainebetweenthelake  
andThorthomiGlacierindicatednoseepageslgndue  
to meltwaterfrom ThorthomiGlacier（Ageta etal．，  
1999：3ト38）．   

5）GLOForrapiddrainagefromanadjacentlake   
Rapid drainage fiom Drukchung Tsho（GLP13：  

1989－90inFig．8）hasprobablycausedandwillcause  
thesuddenriseoftheLuggeTsho（GLP12）1akelevel  
asindicatedinFig．8．RaphsthrengT馳oislocatedat  
lower position than ThorthomiGlacier，and the  
moraine between them is damming up water flow 
丘ommeltwaterofThorthomiGlacier（Photol）．If  
this moraine－dam willbreak，Water丘om Thorthomi  

Glacier anditslakes maylnVOIve catastrophic out－  
burstofRaphsthrengT馳0．  

6）Lateralerosiontomarinalmoraines   
Thelefモー1ateralmoralne Of ThorthomiGlacier  
（GPlO），aSingleslenderridge・isbeing 

． 

form：theinnerslopeisretreatingbytheexpansionof  
long丘inginglakesalongtheridge（Photo3），andthe  

OuterSlopeis erodingitsbasebylateralanddown－  
WardcuttlngOftheriverwhichdischargesB・OmLugge  
恥ho．Theinnerslopehasretreatedrapidly，judging   
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Photo3 MarglnallakesandtheinnerslopeoflateralmoraineofThorth0rmiGlacier・  

conditions ofthe outlet channelof GLP2are wide  
andgentleingradient．   

2）Complexityofformsandagesofmorainedams   
ThemorainedamofRaphsthrengT姐0（GLP9）is  
COmPOSedofmultipleridge戸（Fig・2andPhotol）・  

Theinner oneis morphologlCallyrelative丘・eSh and  
partly covered with unweathered boulders without 
Vegetation，While outer ridges are covered with the  
dense bush．A buried soillayer was fbundin  
between the till layers which constitute the outer 
ridges．It was dated at around1900years BP by  
AMSradiocarbonmethods（Iwataetal．，inpress，a）．  
These agesimply that the outermoraines are older  
than the LittleIceAge，and fallinto the Holocene．  
The ages andmorphologicalfbatures with consider－  
ablewidthsuggestthatthemorainedamitselfseems  
tohavestrengthtokeepthelakewater．Themoraine  
between Raphsthreng Tsho and Thorthomi Glacier 
alsomaybestableatpresent，becauseitiscomposed  
OfthesameHolocenemoraines．Vulnerabilityofthis  
moraine willincrease，if seepage water 丘■Om  
Thorthomi Clacier to Raphsthreng Tsho exists and 
weakensthemoraineasmentionedabove．   
The le氏－1ateral moraine of Thorthomi Tsho  

（GLPlO）with simple and sharp ridgeis y？ung，  

PrObablyfbrmedintheLittleIceAge．AsmentlOned  
above，thisis su切ectedto severe erodingconditions  
andoccurrenceofseepage丘■Omglaciallakes．The  
left－1ateralmoraineisnowveryunstableconditionand  
VerydangerousstatefbrdestruCtion．Moraine－dam  
vu1nerabilityisincreasing undoubtedly and proba－  
bilityofmoraine－damfailureisconsideredtobehigh．  

3）Meltingofice－COreSinrlOraineヲ   

Melting ofice－COreSln mOralne dams play an   

from the discharge and disappearance of the small 
pond which existed bounding on the eastern outer 
Slopesofthelateralmorainein1956－58（Fig．5），and  
itswaterwas discharged丘omtheruPtureformedin  
thelateralmoraine．   

3．3 Directcausesandmoraine－damvulnerability   

In most cases direct causes of outbursts are  
moraine－dam failure and／or rapid expansion of an  
Outletchannelscausedby（1）suddenover－tOPPingof  
urgeaVeS，（2）gradualrisingofwaterlevels，and（3）  
increasing of dam vulnerability as the results of 
Variousdirecttriggers（Fig．3）．Probabilityofoccur－  
renceofthesedirectcausesdependsonmoraine－dam  
COn貢gurations such as fbrms，dimensions，and  
breaches，andsubstanceofthemoraine－damssuchas  

ages，COmPaCtion，andice－COreS．   

1）Breachesofmorainedams   
Many moraine dams have breaches that were  
fbrmedonoccasionsofpastGLOFs．Somebreaches，  
however，Wereformedbyglaciermelt－WatererOSion  
before glaciallakes wereformed．Animportant  
factorfbrriskassessmentis relativeheightbetween  
glacial－1akelevelsandlocalbaselevels． Thelocal  
baselevelmeans astable datumlevelwhich controIs  
erosionlocally，andisarelativelynatground－Surface  
OutSide the moraine．Con鎖gurations of breaches，  
SuCh as gradients andwidth ofoutlet chammels，and  
SteePneSS Of sidewa11s，are alsoimportant factors  
relatlngWiththecharacteristics ofoverflows oflake  
Water．MorainedamsofTarinaLakes（1もrinaTsho  
GLPlandMouzomT5ho GLP2）havebreaches as  
reported by Gansser（1970）．Probabilityofoccur－  
rence ofthe outburst fbr GLP2is considered to be  
low comparedwith GLPl，Sincethe morphologlCal  
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important role forincreaslng Of moraine－dam  
vu1nerability．In the Bhutan Himalaya，melting of  
theice－COreinthemorainewasreportedtocausethe  
GLOFbytherapidexpansionofoutletchannel．On  
October6－7，1994，GLOF ofLugge Tsho（GLP12）  
killedmorethan20personsanddamagedthePunakha  
Dzong and many houses（Watanabe and Rothacher，  
1996；GeologicalSurveyOfBhutan，1999；Richardson  
andRaym01ds，2000a，b）．Theoutbursthadoccurred  
duetothesuddenlateralexpansioninasectionofthe  
PreVious smallruPture．Because the presence of  
deadicewas observedinthebrokenmoraine aweek  
after the outburst（Geolog！calSurvey OfBhutan，  

1999），the moraine failurelS thought to have been  
inducedbymeltingoficecoreinthemoraine．Clear  
SOuthwardexpansionofoutletchannelis recognized  
On the satelliteimage，SPOT13takenJuSt after the  
GLOF（Fig．8and9）．  

discussion on risk of some notablelakesis glVen  
below．Mostofotherglaciallakesarelessdangerous  
OrnOdangerousbecauseoftheirstablemorainedams  
and／oroftheirsmalllakesize．   

1）1もrina Lakes（Thrina T盲ho GLPlandMouzom   

¶hoGLP2）   

Although the area of the upperlake（Mouzom  
Tsho；GLP2）extended upstream remarkably up to  
1988，generalftatures of glaciallakes have not  
Changedin comparison with thosein a photograph  
takenin autumn of1967 by Gansser（1970）．  
Probabilityofoccurrenceofoutburstfortheselakesis  
COnSidered to below，Since the outlet channels are  
Wideandstablewithgentleslope，andsincerelative  
heightislowbetweenlakelevelsandlocalbaselevels．  
However，risks remain due to surge waves by fall  
downofhanglnglCemaSSeSOfglacierfrontsonthe  
cli任岳．   

2）RaphsthrengTsho（GLP9）   
Thelakeexpansionattainsthemaximumstageat  
PreSent and containslarge volume ofwater．The  
moraine damis composed ofmultiple ridges with  
large dimension and of relatively old age．The  
fbaturessuggestthatthemorainedamitselfseemsto  
havestrengthtokeepthelakewater．However，high  
andunstableinnerslopes ofthemoraines andlarge  
talusesindicatethatthelakehashighprobabilityof  
landslideswhichcauseconsiderablehighsurgewaves  
attacking the dam．ThelakelevelofRaphsthreng  
Tbhois fairlylowerthanthatofThorthomiGlacier．  
Ifthemorainebetweenthemwillbreak，Outburst丘om  

ThorthomiTshomaylnVOIvecatastrophicoutburstof  
RaphsthrengTbho．Althoughthismorainelookslike  
Stable at present，vulnerabilityofthis moraine will  
increase，ifseepagewaterfromThorthomiGlacierto  
RaphsthrengT5hoexistsanderodesthismoraine．   

3）ThorthomiTsho（GLP10）   
Thereis a possibilitythat the debris cover of  
ThorthomiGlacierandtheverygentlegradientofthe  
SnOutleadtobealargelakeinthenearfuture． The  
le氏－1ateralmoraineis being eroded丘omboth sides  
andthemoraineridgeisgettingsharpinform．The  
both slopes are eroding their bases：bylateraland  
downward cuttlng Ofthe river魚■Om Lugge Tsho as  
Wellasbylateralerosionbythelake．Inaddition，  
COnSiderable amount ofwaterisleakingfromlakes  
inside to outside through the moraine．Thele氏－  
lateralmoraineis now very unstable condition and  
Very dangerous statefor destruCtion．Damvu1ner－  

abilityisincreasing undoubtedly and probabilityof  
moraine－damfailureisconsideredtobehigh．   

4）LuggeTshogroup：LuggeTsho（GLP12），Tbopda   
Tsho，andDrukchungTsho（GLP13）   
Although Lugge T5ho shrank a氏er the1994  
0utburst，it contains alarge volume of water．   

After1994GLOF   

Fig・9 Schematicdiagramoftherupturebeforeandafterthe  
1994GLOFofLuggeTsho．  

InthewideterminalareaatthewestofLuggeT姐0，  
the considerable part of the lake exhibits typical 
ftatures of glacier karst，Whichis debris－COVered  
Stagnant glacierice showing chaotic surface－fbrmS  
With many funnel－Shaped holes，hummOCks，and  
ridges shaped by diffbrentialice melting．In the  
glacier karst area ofthe west ofLugge T址0，the  
debristhicknessrangesbetweenO．5mtol．Om．The  
iceunderneaththedebrismeltsslowlysothatitisnot  
likelytoinducetherapidlake－1evelrise．   

4．Discussion   

4．1Riskassessmentofglaciallakes   
Asalreadymentioned，aSSeSSmentinthisresearch  
istomakecleartheoutburstpotential（futureoutburst  
POSSibility）ofeachlake．Forthis，Weunderstand（1）  
future occurrence oflake outbursts and（2）future  
Changesofrelatedphenomenathatimpacttheglacial  
lakes．We predict the fbllowing two aspects：（1）  
PrObabilityofmoraine－damfailureanditsdirectcause  
andtriggers，and（2）degreeofdangもrofGLOFin  
eachglaciallake．Resultsofoverallassessmentfbr  
30glaciallakesaresummarizedinThble3．Detailed  
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Table3 Resultsofriskassessmentofmoraine－damfailureand／orlakeburstintheBhutanHimalaya．  

Codenumber   Degreeofoccurrenceof  Degreeofdanger  of  
Nameof  

moraine－damfailureand／or   
glacierlake  

outburst  
brobabilityofhazard）   

glacierlake  
GIJW4  LowprobabilitY   Lessdangerous   

GLW5   TshoPhu   Mediumprobability   Lessdangerous   

GLW6  Mediumprobability   Lessdangerous   

GLMl  Lowprobability   Lessdangerous   

GLM2   ChhokamT岳ho   Lowprobability   Lessdangerous   

GLM4   ShinchheTsho   Lowprobability   LessdangerOuS   

GLMlO   RoduT§hoIII   Lowprobability   Lessdangerous   

GLMll   RoduT岳hoI   Nooccurrence   Nodanger   

GLM12   RoduT姐0ⅠⅠ   LowprobabilitY   Lessdangerous   

GLM15  Impossible to evaluate Impossible to evaluate 
GLPl   1払rinaTsho   MediumprObability   Dangerous   

GLP2   MouzomT盲ho   Lowprobability   Dangerous   

GLP3  Impossible to evaluate Impossible to evaluate 
GLP6  LowprobabilitY   Lessdangerous   

GLP7  Nooccurrence   Nodanger   

GLP8   BechungT岳ho   Lowprobability   Lessdangerous   

GLP9   ・RaphsthrengTsho   MediumprobabilitY   Dangerous   

GLPlO   ThorthomiTsho   High・prObability   Dangerous   

GLP12   LuggeTsho   MediumprobabilitY   Verydangerous   

GLP15  Highprobability   Lessdangerous   

GLP16  LowprobabilitY   Nodanger   
GLP17  Nooccurrence   Nodanger   
GLP18  Nooccurrence   Nodanger   

GLP19  Lowprobability   Lessdangerous   

GLT8  Lowprobability   Nodanger   

GLT9  Lowprobability   Nodanger   

GIJlO  Lowprobability   LessdangerOuS   

GIJll   ThampeTsho   Nooccurrence   Nodanger   

GLr12   UmTshoUpperLake   Nooccurrence   Nodanger   
GIJ13   UmT岳hoLowerLake   Nooccurrence   Nodanger   

Himalayabeforethe1994GLOF丘omLuggeTsho・  
AfterthatGLOF，GeologlCalSurveyOfBhutan and  
SOmegrOuPSCarriedout且eldresearchandassessment  
on glacial lakes in Lunana. Results of these 
activities appeared in unpublished reports. They 
focused the risk ofoutburst ofRaphsthreng Tsho，  
thereforeGovernmentOfBhutandecidedtocarryout  
excavationtheoutletchannelofRaphsthrengTshoby  
humanpower・The excavationstartedin1996and  
負nishedin1998to widen the outlet andlower the  

waterlevelby4m．Thismitigationactivityreduced  
theriskofGLOF，butthelakestillcontainssohuge  
volume of water that regular monitoring is quite 
neCeSSary・   

Asmentionedabove，SOmedangerousglaciallakes  
Werelistedbythepresentinyestigation（Tbble3）・  

Possible measures of mitlgatlOn fbr two attentive  
glacia11akesarementionedbelowasfo1lows：   
Glacier melt lakes on the ablation area of 
ThorthomiGlacierareexpandingbytheaccelerated  
icemelting，andthevu1nerablelateralmoraine also  
increaslng by thelake and channelerosions・  
MonitorlngOflakesandmoraines，eSPeCiallyleaking   

Accordingly，SuddenriseofwaterlevelofLuggeTsho  
should be monitored regularly．Possible causes of  
the sudden rise are anticipated as fb1lows：（1）  
Blockadeoftheoutletchannelbythefailureoccurrlng  
ataroundtheoutletchannelwhichrunSjustbelowthe  
SteePinner slope ofthelateralmoraine；（2）Large－  
scalefailureoftheinnermorainecausedbymeltingof  
theice corein thelateralmoraines；（3）The rapid  
discharge圧om Drukchung Tsho（GLP13）・Since  
theThanzaareaislocatedbelowthelowerlimitofthe  
permafrostzone（Iwataetal．，inpress，b），meltingof  
the ice core proceeds in considerable rapid speed. 
Riskofsuddenwaterrislngandsurgewavecausedby  
avalanchesis quitelow．Theice underneath the  
debrisofthe丘ontalmorainemeltsslowlysothatitis  
notlikelytoinducetherapidlake－levelrise・   

4．2 Possiblemeasuresfbrtheirmitigationand  
monitoring  
In spite of Gansser，s warn1ngin the1960s  
（Gansser，1970），any meaSureS eX？ePt the1986  

Lunana Lake Expedition by Geological Survey of 
India were not taken agalnSt GLOFin the Bhutan  
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Waterthroughthemoraine，Shouldbecarefu11ycarried  
Out・Glacio－hydrometeorologlCalobservations such  
asheatbalance，1Cemelting，andpondevolutionon  
thelowerpartofThorthomiGlacier，andgeologlCal  
and geophysicalgurveyS fbrinternalstruCtureS Of  
morainesarerecommendedtoprovidebasicinfbrma－  
tion on the prediction of the lake formation and 
morainefailure．   
Therearepossibilitiesthatthesuddenriseoflake  
Water Surface ofLugge Tbho（GLP12）caused by  
failures of the inner moraine and blockade of the 
Outlet channel・These failures and blockade may  
OCCur by melting oftheice coresin the moraine．  
SuddenriseofwaterlevelofLuggeTbhoshouldbe  
monitoredregularly．   
At the same timein the excavation，GeologlCal  
SurveyOfBhutanmadeaninventoryofglaciallakes  
intheeveryriverbasinsofBhutan（GeologicalSurvey  
OfBhutan，1999）．ICIMODalsomadeinventoryof  
glaciallakesin the Himalayas（Mooletal．，2000）．  
Theseinventoriesshowthattherearemanydangerous  
glacia11akesin the Bhutan Himalaya besides those  
indicatedinThble3．Constantandregularmonitor－  
1ngOfglaciersandglacia11akesareurgentlyrequired  
topreparenecessarymltlgationactivities．   

5．Conclusions  

Observed30glacia11akesareclassinedintothree  
types based onlocations and origins asfo1lows：  
SuPraglacialice－meltlakesorponds，mOrainedammed  
lakes，andlakeslocatedin basins without glaciers．  
Field observations and investigation by maps and 
Satelliteimagesindicate that most supraglacialice－  
meltlakestendtoconnecteachotherandgrowuptoa  
largelakerapidly，andsomemoraine－dammedlakes  
Werefbrmedandrapidlyexpandedafterthe1970sdue  
to retreatlng and／or melting ofglaciers．Formation  
andexpansionofglaciallakesareduetotheglobal  
WarmlngintherecentdecadesandtheriskofGLOFs  
isincreaslng year by year．Six direct trlggerS Of  
moraine－dam failure and／or outburst canbe polnted  
Out：glacialand snow avalanches，1andslides and  
debrisflows，blockadeofoutlets，SeePageandpiplng  
in moraines，GLOF or rapid discharge from an  
aqjacentlake，andlateralerosion of moraines．  
Occurrence ofthese triggers variesin awiderange  
depending on the characteristics of the lakes 
themselves，fbaturesofmoraine－dams，andsurround－  
1nglandformS and glacialenvironments．A very  
dangerousglaciallakeisLuggeTbho（GLP12），Which  
isstil11argeinwatervolumeandhasprobabilityof  
rapid rise ofwaterlevelby blockade ofoutlet or  
OutflowfromGLP13．ThemorainedamofGLPlO  
（ThorthomiTsho）has so high probability of  
OCCurrenCeforthefailurethatthisglaciallakeneeds  
Carefu1monitoring．Probabilityof occurrence of  
moraine－damfailureofRaphsthrengTbhoismltlgated  
byexcavationsince1996，buttheriskofhazardisstill  

high andis a dangerouslake，because thelake  
COntains alarge volume of water which willhas  
POSSibilitytoproducesurgewavesbyfalling ofice  
丘omtheglacierordebrisfromsurroundingmoraines  
andslopes・Sincethreeglaciers（GP9，10，11）and  
theirlakes（GLP9，10，12）areboundedeachother  
andinteractsensitivelythroughwaterfluxanderosion，  
thisareaisthemostvu1nerableforGLOF．MonitorN  
lngOfthisareashouldbecontinuedeveryyear．So－  
CalledThrinaLakes（GLPland2）arealsodangerous  
becauseonecannotdenytheicefalling丘omglacier  
termini・ConstantandregularmonitorlnglS mOStly  
importantfor allglaciers and glaciallakesin the  
BhutanHimalaya．Forsomedangerousglacierlakes，  
monitoringlSurgentlyrequiredtopreparenecessary  
mitigationactivities．  
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