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Abstract  

ChangesinsurfacefeaturesonKhu血b11Glacier，NepalHimalayaswereexaminedlユSinghigh  
resolutionsatelliteimages（SPOTHRV）．Wedetectedclearlyabareicezonewithicepinnacles，and  
Supra，glacialpondsinthe debrisMCOVered ablation zone．Comparing sate11iteimages as wellas  
previoustopographicmaps，itwasdetectedthattheicepinnaclezonehasgraduallyshrunkinarea  
Since1956．Iceflowvelocitieswerefoundtohavedecreasedrecently，eSpeCiallyiIlupperStreampart．  
Thetotalareaofsupra－glacialponds．ontheotherhand．showednoapparenttrend，havingahigh  
Variability．  

2．Data  

Wein＼でStigatedthesurfacemiero－mOrphoIogyof  
theglacierusingSPOTHRVdata obtainedinJanu－  
ary1987（panchromaticimage）and November1995  
（panchromaticandmultトspectralimage）．Thespatial  
resoil止ionwaslOminpancbromaticimageand20min  
multi－SPeetralimage．Tablelshowswaヽ・elengthand  
resolution of SPOT HRV．Figure2shows a SPOT  
HRVmultiASpeCtralimageatKhumburegiontakenin  
November1995．Figure3showsacloseupimageof  
Khumbu Glacier．We canidentify various micro  
≠mOrphoIogicalfeaturesontheglacierintheimages  
SuCh asiee piIlnaCles and stlpra－glacialponds dis－  
tributedoverthelowerpartoftheglacier．Different  
features have different color（spectralreflectance）  
fromthesurroundingdebriscoveredsurfaceswiththe  
fal＄eCOlormult卜spectralsatelliteimages（channe13  
（red），2（green）aIldl（blue））：icepinnaclewasseenin  
light btue coIor atld supra－glaciaJponds dark blue  
COlor．Theycanbedetectedbytheirapparentcolora－  
tionevenwhenthepondsarefrozen．   
Inordertocomparethechangesin surface fea－  

tures，WeuSedtherecentsatelliteimage（1987，1995）  
anddetailedtopogTaphiemapsoftheglacierprepared  
in1956（Muller，1959）．1978（1wata（：！〟l．．198O），alld   

1．1ntroduction  

SeveralsmallHimalayanglacierswhoselengthis  
lessthan afewkilometershaveretreatedsince1970s  
（e．g．Kadota et al．，199礼Itisdifficult，however，tO  
detectthevariationoflargedebriscoveredglaciers  
（fromtentoseveraltensofkilometersinlength）solely  
by ground－based obscrvations．A satellite remote  
SenSlnguSinghighresolutionsensorsistho11ghttobe  
usefulforsuchdetection．Nakawoetal．（1993）triedto  
Classifysurfacefeatureswithsatellitedata，andsug・  
gestedthepossibledetectionoficeflowvelocitiesata  
debriscoveredglacier．  
Khumbu Glacier is a trpical large glacier with 

Supra～glaciaidebrisintheNepalHimalayas（Fig．1）．  
Theablationzoneisalmostcoveredwithrockdebris  
Whosethicknessisuptoseveralmeters（Nakawo et  
al．，1986）．Varioustypesofmicro－mOrphology，Whose  
Characteristiesealeisseveraltensofmeters（Iwata E・（  
al．，198O）．weredetected，Withwhiehsurfaceieeveloe－  
itieswereobtained．Thisstudyfoc11SeSOnthetempo・  
ralchangesoftheflowvelocitiesandsurfacefeatures  
SuChasbareice zones withice pinnacles andsupra  
－glacialponds．  
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Fig．1LocationofKhumbuGlacier，NepalHimalayas．Stippledareadenotesdebris  
－COVeredzoneofglaciers．  

Tablel．WavelengthandresolutionofSPOTHRV  pointsonthedebriscoveredglacier．   
Itisevidentthatthearealextentoftheicepinna－  

Cle zonehasbeengradually shrinking since1956as  
ShowninFig．6．Thelowerendoftheicepinnaclezone  
retreatedupstreambyl．5kmsince1956to1984，While  
the terminus position of the glacier did not change  
much．  

Thehorizontalflowvelocityoftheicepinnacles  
Canbedetectedbytracing．Therearetwogapsinthe  
pinnaclezoneasdesignatedGlandG2inFig．5．We  
assumedthatthemovementofthegapsisnearlyequal  
to theiceflow velocity．Table2shows theice flow  
Velocitiesobtainedfromthechangeinlocationofthe  
gaps formed on the maps and the satelliteimage，  
assumingthecenteroftheupperandloweredgesof  
each gap to beitslocation．It seemsthat the flow  
Velocities estimated have decreased with time．By  
COmparing the two satelliteimages of1987and of  
1995，icevelocitieswerealsoobtainedatseveralother  
Sitesatpeaksofpinnacles．Theresultsareshownin   

mode  Chamel  Observationwavelength  resolution   
0．50～0．59／Jm   

Multi．speCtral   0．61～0．68〟m  20m  
3   0．79～0．89〟m   

Panchromatic  0．51－0．73ノJm   10m   

1984（NationalGeographicMagazine，1988）．Incaseof  
Sate11iteimagein1987，We COuld not detect ponds  
becausethisimageispanchromaticdata．Thecompar－  
isonisshowninFig．4．   

3．Results and discussion  

3．エ克β〆乃乃αCねs（Z乃♂ブcgノ鶴弥  
One of the characteristicmicro－mOrphological  

featuresoftheglacieristheicepinnaclesextending  
intothedebris－COVeredregions（Fig．5）．Theicepinna・  
ClesgapssuchasGlandG2inFig．5areremarkable  
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Fig．2 ASPOTHRVmultirgectralimageatKhmburegiontakenin7Nov＿1995   
（SceneID；3227－29495／11／0704：52：301ⅩS）．   
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Fig．3 ApickupimageofKhumbuGlaciertakenin7Nov．1995（SceneID；3227－294   
95／11／0704：52：301ⅩS）．   



Seko，Yabukiet al，  .77 

盲
呈
8
焉
■
∽
葛
 
 

195‘   1，78  1，＄4  1，＄7  1，，5  
巨∃BareiceZones（IcePinacles）  
■supraGlacialPonds  

Fig．4 Sketchesofthesurfacefeaturesoftheablationzonetracedfrommapsand  
thesatelliteimage．Theobservationyearsareshownatthebottomofeach．（Pl  
andP2werebigsupraglacierponds．Thesepondsrecognizedsameone，reSpeC－  
tively．）   

Fig．5 Agroundbasedphotographoficepinnaclesovertheglacier（takeninDec．   
1991），GlandG2aregapsinthepinnaclezone（alsoshowninFig，6）．   
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ぎig．6 Tbetemporalvadationoftbeicepinnaclezonesbownasgrayareasくciose  
upofFig－4）．  

Table2．Iceflowvelocities detected from the displace－  
ment the gaps 

from  to  peri（〉d  Gl  G2    （a）  （m7a）  （m／a）  1956  1978  22  ●●◆◆  56  1978  1984  6  41  41  1984  1995  柑  26  26   

（…：nOgapisshoⅥ1forGloIl也emapin1956）  

Fig．7，Wherethespeedrangesfrom26m／ato57m／  
a．Itisroughlycompatiblewiththeflowvelocityof31  
m／a measured by a triangulation surveyin1978  
（Watanabe et a£，1980）．The figure showed thatice  
flowveiocitiesverelargeratupperstreamsidetban  
atlolVer StreamSide．  
AlltheflowspeedsobtainedareshowninFig．8  

for the distance upward from thelower end ofthe  
pinnaclezonein1987．At2500－3000mreglOn，iceflow  
velocitieswas68m／ain1956，63m／ain1974，56m／a  
from1956to1978and51m／afro王n1987to1995．Tbis  
Showsatemporaldecreasingtrendofthespeed．Simi－  
1ar trend can be seen atlower sites，indicating the  
recentdecreaseinflowspeedinthewideareaofthe  
glacier．  

Now kt us consider the evolution of theice  
pinnacle zone extent along alon蛮ねdinal幻owline．  
Therelativeheightofpinnaclesdecreasesdowngla一   

Fig．7 TheiceflowvectorsintheiceplrnaClezonedetecト  
edbytwopanchromaticSPOT HRVimagestakenin   
Jan．，1987andNov．，1995．くNumberson重gⅥreare幻ow   
Veiocityくm／a）．’0’ine王1doficepin11aClesisoriginく〉fFig．  
8．）   
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0  500  1（10t1   1SOO  2000  ヱ500  ‡000（m）  
DistBLnCe飢〉mendingpointoficeplmaClezoneat1987   

Fig．S Temporalvariationoftheiceflowveloぐities．measuredbrgr（1Llndsurve）．SiIl   
1956（so王idkiang壬e），1974くso王idcircle），1978（solidsqtlare）．Dottedl払esaretbe   
meanflowspeedsfromthedisplacementofGl，andthicklinesfromG2，Thin   
linesarethespeedsfrom1987to1995showrlinFig．6．Upperandlowerendsof  
allthedatalinescorrespondwiththelocationoftherespectivemarkersatthe   
beginningandtheendingtimeofeachob＄ervationperiodsrespectively．Thex  
州aXiscorrespondstotheupwarddirectionfromthesouthernmostedgeoftheice  
pinnaciezo王Iein1987ぐ0’inFig．7〉．  

the period of1978－1984．With these figures，We  
ObtainedtheresultthatXebecomes1010mtheending  
pointofice pinnacle zone．For1987q1995，h（0）was  
about3Omandb（［lwasabout28m．！；1．1eadingtoXe＝  
710m．Theseresultsareroughlycompatiblewiththe  
observation．  

且2，5z¢和一g毎ぬJ♪0乃ゐ  
Another outstanding feature on the debris cov－  

eredzone主ssupra－glaciaipondswithdimensionsof  
SeVeraltens ofmeters（Fig．3）．Tbey壬IaVe dif短rent  
COlor（spectralreflectance）from those for the sur－  
roundingdebriscoveredsurfaces．  

Thepositionandsizeofthepondsdetectedfrom  
themapsandthesatelliteimageareshowninFig．4．  
Therewasalargepond（3OOx15Om）atabout3km  
fromtheterminusin1978（Plinthe Fig．4）、Whileit  
WaS nOt foundin1984．It reappearedin1995as a  
Smallerpondthanin1978．Asimilarcaseoccurredin  
theupperpart ofthe ablation zonewhereKhumbu  
Glaeiermeetswithatributary（LingtrenGlacier）；a  
relativelyiargepondexistedin1978and1984，b戒not  
in1956and1995（P2intheFig．4）．Thesizeandthe   

Cieringeneral．Takingxaxisdownwardalongaflow  
line，thepinnacleheighth（x）isgivenby   

拍）＝締）－よ二争諺あ，   （1）  

Wht？re）1（0）istheheightat⊥r＝0，Whichistheupper  
endofzone（G2）．AiandAdaretheablationrateofice  
pinnacles and of surrounding debris surface respec－  
tively．Theflowvelocity V（ちt）is assumed，forsim－  
plicity，by  

l′’（∫，ハ＝広一＋わけ）．  （2）   

Whereaisaconstant．Thevalueforawasobtained，  
fromalinearregressionanalysiswiththedatafrom  
1987to1995（thin1ineinFig．8），reSultingin－0．0136  
a‾1．b（t）istheiceflowvelocity ofG2atrespective  
time．Thepositionoftheendingpoint（h（．r）＝0）ofthe  
icepinnaclezonecanbedeteminedwitb仏efollow－  
ingequationderivedfromequations（1）and（2），  

（3）  

Whereノ1tL．4dis roughl），1m／a（Inoue and Yoshida．  
1980）．h（0）wasabout3Om．and b（［）about41m．／aill  
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孔 Conctudingremarks  

Surねcemorpboiogicalfeatt汀鮎OnKbumbuG王a－  
Cier，NepalHimalayas were examined using high  
resoltltionsatelliteimages（SPOTHRV）．Itwasshown  
t‡latⅥ7eCandetecttbespatiaiandtemporalvariation  
ofcharacteristicsurfacefeaturessuchasbareicezone  
andsupra－glacialponds．Further．glaL：ierflowveloe－  
itycanbemoIlitoredbytracingco‡lSpiC㍊OuSfeatures  
in the differentimages．Comparing sateliiteimages  
andpasttopographicmaps，itwasshownthattheice  
pirmacle zonehasshrunk since1956inits area．Ice  
flow velocities was found to have decreased since  
1956，eSpeCiallyinupperstream partofthe ablation  
Zいtlビ．  

Byco雨rast，也estlpra－glacialpondsdidnotミ血ow  
anyapparenttrend．Thebehaviorofthesupra－glacial  
pondsis complex and their variationis po岱ibly  
COntrOlled not only br climatic factor but also b）・  
glaeio－hydrologiぐalfactors．  

Recenthighresoltltio11Satellitedataprovidequite  
Valuableinformation on thevariationofalpine glaN  
Ciersinparticularforthoseinthisharshenvironment．  
Remotesensing，however，haslimitations．Changesof  
Surfaceleveland／oricethickness，forexample，Carト  
not be detected by satellite sensors at present．We  
beiieveboⅥreVerthat，utiiization ofsatelIite data，in  
ad（1ition to gT’OLuld－basビd dataぐan tELllmuch about  
glaciervariationsintheHimalayassincer10W，   
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tkm）   
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SD：Standarddeviation，  

Largesupra－glaciatlakes（〕fseveraIkilonleterSitl  
lengthandnearlylOOmindepthhavedevelopedover  
recent decades near the terminus of several large 
glaeiersinthe Himalayas．Theyhaヽ▼e a POtentialfor  
glacierlake outburst floods（GLOF）．whiehis a pri－  
mary concern for the rpsident people（（T．g．Yamada  
and Sharma，1993）．These big glacierlakes are far  
largerthanthesupra仙glacialpondsdescribedinthis  
paper，andtheevolutionofthesuprarglaciallakesto  
largelakes with the potentiaidisasteris to be  
examined further．  
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