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Abstract  

Jaggedpinnae】esofsnowca11edsnowpenitentsareseenfromspringtosummeronthesuT・face  
ofPilotoGlacier（4．1OO－4．9OOma．s．1．）inthecentralAndes．SotlthAmerica．InDecernber1995．snow  
penitents consisted oflargel汀ained granular sIlOW．Whieh covered the glacierice orI11Oraines．  
Heightsofmostpenitentsran豆edfromaboutO．3mtol．5m，andthefacesofthemdirectedtoward  
thenorth．Thenorthernfaceswerealmostverticalandslopesofthesouthernfacesrangedfrom60  
to85degrees．StrongsolarradiationandsublimationofsnowshouldplayimportantrOlesto the  
formationofpenitents．  

1．lntroduction  

Nievepenitente（snowpenitent）is“ajaggedpin－  
nae】eorspikeofsnoworfim．uptoseveLralmetersin  
height，reStlltingfromdifferentialablationuIlderc（〕n－  
dit壬onsofstronginsolation，eSpeCiallyinhighaltitude  
Llowlatitudeenvironments；anadvancedstageof  
Sun Cup development（Bates andJackson，1980）”．  
Therearetwokindsofpenitents，namelysnowpeni・  
tents formed on snow and ice penitents formed on 
glacierice．Lliboutry（1954）firstly made rigorous  
descriptionaboutfeaturesofsnow／icepenitentsand  
Climatic environments of their formations，namely  
モtPenitentsarespikesofoldcompactwintersnowor  
Ofglacierice．roughly rangedin an eastWeSt direc－  
【ion．whichintheAIldesofSantiago．insummer．cover  
a‖the snow fields and glaeiers between4，OOO and  
5，200mノ’  

Sincetheearly20thcentury，SnOWOricepenitents  
have been reported from various high mountain  
regions（e．g．in Himalayas：Workman，1914）．  
According to Lliboutry（1964），SnOW／ice penitents  
WereObservedathighaltitudesaround5，000ma．s．1．in  
thenorthemIran，HinduKush，Pamir，Khumbuand  
Makalu（Himaiayas），Mt．Kilimanjaro（Kenya），Mt．  
Popocatepetl（Mexicul，and Mt．Chimboraz  
（Eeuador）．Roeh（195i）describedice penitents of   

heightsofupto30mataltitudesbetween4，500mand  
5，300mofKhumbuGlacier．ShiandJi（1982）made  
detailed surveys on distribtltion andミ血ape ofice  
PenitentsatthenorthernsIopeofMountXhiaBang－  
n吼China．Each of theice penitents showed the  
洩apeofaco！leOf2to5．5minbeigbtintbeupper  
reach ofthe ablation area（5，800m a．si）and of an  
isoIatedtowerof15to30minheightneartheglacier  
SnOut（5，600m）．Atimenecessaryforthisdevelopr  
mentwasroughlyestimatedasabout150years（Shi  
andJi，1982）．  
On the other hand，SnOW penitents develop and  

decaywithinoneablationseason．Icepenitentsnor・  
mally grow fromice blocks of collapsed seracs or  
fromdebrisoficefa】lsoriceava】anches（Roch．1954；  
SもiandJi，1982），Vbereassnowpenitentsmaygrow  
from honeycombed snow．stln Spikes，Or mト  
CrOpenitents（uiboutry，1954〉．Therefore，SnOWand  
ice penitents are regarded as differentin species，  
thoughtheclimaticconditionsfavorabletotheirfor－  
mationsmaybeidentical．  

The shape of snow penitents was described as  
tlthe crests of penitents take the form of easトWeSt  
blades，bendingtothesun（thatistothenorth）朋  
the form which allows the most outgoing radiation  
andsublimation．andtheleastinsolation．foragiven  
eross－SeCtion（uiboutry，1954）”．Amstutz（1958）sugL   
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Cuevas River，a tributary of the Mendoza River．  
Piloto Glacier，being about12km northwest of Co．  
Aconc喝uaく6，959m），isaglaci表rvi払t鮎easiest  
accessintbe］姐endoza Pr（〉Vince：One Can reaCb tbe  
glacierterminus afterwalking for25km from Las  
CuevasalongLasCuevasRiver．  

ExtensivemassMbalancestudiesofPilotoGlacier  
Were Carried out by drillingintowinter snow and  
uslngablationstakesfrom1979to1994Ⅵri也a feⅥr  
missing years（Leiva and Cabrera，1996）．Ånnual  
accumulationsatvariouspointsrangedfromO．2mto  
2．6minwaterequivalent（w．e．）andannualablations  
rangedfromO．6mto2．1minw．e．（Leivaetal．，1986）．  
Year¶tO－yearVariatio11Sinmassbalanceweresignifi－  
Cantl〉：large compared with the anlOuntS OfこInnual  
accumulation or ablation；namely，annⅥalnet baト  
ances averaged over the whole area of Piloto Este  
Gldcierwerelargelypositivefrom＋1．Omto十1．5m  
（w．e．）in1979（thebalanceyearof1979／80）and1982；  
largelynegativefrom－0．6mto…1．Omin1980，1981，  
19隠19錮．1989and199O；and almostequilibl－iumin  
1983，1984，198ら1987and1993（Leiva and Cabrera，  
1996），  

gested，aSa CauSe Ofpenitentsformation，animpor－  
tance of concentration of heat at the bottom of fur－  
rows due to refiection ofinsoiation at side valls of  
penitents．  

Although there are numerous reports or docu－  
mentsonsnowandicepenitentsasmentionedabove，  
veryfewquantitative，Statisticaldatahavebeenpubli－  
Shedastoshape，alignmentanddistributionofsnow  
penitents．Coiiections ofsllCbbasic data areneces－  
Saryforfurtherstudiestoclarifythedetailedmecha－  
nismofformationofsnow／icepenitents．Thisreport  
presents results of a preliminary field research on  
ShapesofsnowpenitentsdevelopedatPilotoGlacier，  
thecentralAndes，inDecember1995．  

2．Piloto Glacier andits mass balance  

PilotoGlacierislocatedat32036′Sand70009′W  
ontheeastemflankoftheborderbetweenArgentina  
andCbilein払ecentralÅndes（Fig．1）．Tbeglacier，  
Whichcc｝nSistsof†woicetonguesofPilotoOt？Steand  
PiiotoEste（Fig．2），COVerSanareaOfl，4km2between  
4，100mand4，900ma．s．1．onthesouthwesternslopein  
theCaj6ndelRubio，thatisaheadwaterregionofLas  

Fig．1．Mapsbovi喝洩elocationof血eCaj6ndeユRubio，WherePilotoGlacierexis隠  
attheheadofLasCuevasRiverinthecentralAndes，Argentina．   
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Fig．2．PilotoGlacierseennorthwestfromthesnowpatch（4，050ma・S．l・）nearthe   
glacierterminus（18December1995）．Theglacierissplitintotwoparts：theleft  
onewithanunatakatthecenteriscallcdPilotoOesteandtherightoneofrather   
＄mOOthsIopeiscalledPilotoEste．Elevationsoftheupperboundaryandthe   
短rminusoftわeglaciersareabotlt4，900mand4，108ma息l．，reSp∝tively・  

penitents＼＼▼ere also f（）rmed onlateraland ternlinal  
moraines（Fig．5），Onice¶COred moraines and on  
SnOWpatChes around the glacier terminus（Fig．6），  
HeightsofmostpenitentsrangedfromO．3mtol．5m  
（Figs．4，5and6）．The penitents consisted of wet  
large－grainedgranularsnow．  

Eaeh penitent shows the form（一f a sharp ridge  
Whichisalignedinalmostthesamedirection．Orien・  
tationsofpenitents（i．e．directionperpendiculartothe  
northernfaceofpcnitent）wereexaminedat22sitesin  
theablationareafrom4，100to4，250ma．s．1．andinthe  
SnOWpatChes紘000岬4，100m a．s，l．）．Ahistogram of  
directionsofぬeねces，ateVerylO肌degrees，isshown  
inFig．7．At16sites，theorientationswerewithinlO  
degreesfromthe（true）north Nopenitentsexisted  
Whose orientations deviated more than25degrees  
fromthenorth．比wasalsonoticedthatthese orien－  
tationsarenotstrong王yaf毎ctedbytboseoftbesnov  
St汀ねceortbesu汀O11ndingterra壬n、   

3．Distribution andshapeofsnowpenitents  

Inablationseasonsofnormalyears，SnOWpeni－  
tentscoveralmostthewholesurfaceofaccumulation  
andablationareasofPilotoGlacier．Itcausesgreat  
difficu圧yinablationmeasurements．Snowpenitents  
Start tO formin sprlng On tbe slユゴace of紀aSOnal  
snow，anddeveloptobecomemaximuminheightin  
theearlyormid－Summer，thentheydiminishinsize  
anddisappearbytheendofablationseason．However，  
during the summer of1979／80，frequent storms and  
acc11mtぬtiot10fgratlpelcaused払estlmmerablation  
tobeminimum，SO払atsnowpenitents‡laVenOtt把en  
developedlargely（Leivaetal．，1986）．  

SurveySOndistributionandshape ofsnowpeni－  
tents were made at Piloto Glacier from18 to 20  
December1995．The whole surface of the ablation  
area and払eloverpart ofaccum111ation area were  
coveredwithsnow penitents（Figs，3and4）．Snow  
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Fig．3．Ablationareaoftheeasternpartofl刊otoGlacier   
（PilotoEste）coveredwitbsnovpenitents（20December   
i995）．  

Fig．6．SnoⅥFpeniten晦Wi払ablatiく〉nSticksat払etopand  
洩ebottom，Onぬesnowpatc！lく4，050ma．s．王．ラnear払e  
モerminusoぎP壬iotoGiacier（20Deく：eml）er1995）．  

Fig・4・SnowpenitentsnearthetermirluSOfPilotoGlacier   
（19Dccember1995）．Length ofthepickelabovethe  
SnOWis aboutO．4m．  

（20Decembe「1995）  
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Fig・7・Frequenciesoforientationsofpenitentfacesmea・  
Suredat22sitesintheablationareaofPilotoGlacier   
arldinsnowpatches、Eachofdatarepresentsamean  
主nanareaofabot王と10mxlOm．   Fig．5．Snow penitents deve7oped on mor：lines near the   

teminusofPilotoGlacierそ18December1995）＃  
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F宴g▲臥 Anorth－SOuthsurfaceprofileofsnowpenitents（Fig・6）onthesnowpatch  
neartbetermiTluS（）fpilotoGlacier（ユ9Decemもer1995）．  

AnexanlPleofsurfaceprofileofpenitentsfieldis  
Sho≠11in Fig．8，＼吊1ich was obtained with a ha11d）r  
clinometer and a tape measure aiong an8mlong  
longitudina11inefromnorthtosouthonasnowpatch  
neartheglacierterminus．Theprofilewithrelativel〉T  
flatsurfacebetweenpenitentsarounddistancesof2m  
and4叫5misnotastandardsbape，b11ttbesurface  
us11allyreplでSentSaSharpl）・und11latingpattel－nlikea  
sawteethasseenatdistancesoflmand6m．  

AschematicillustrationofthenorthTSOuthcross  
profileofsn州▼PenitentisshowninFig．9．whichwas  
drawnonthebasisofaveragesofsurfaceslopesofll  
penitents near tbe giacier terminus．Tbe surface  
slopeofthesouthernfacerangedfromabout60to85  
degrees．Itisclearlyrecognizedthattheslopeofthe  
northernfa（：eissteeperwithanegativeangle（over－  
bung）and almost coincides witb tbe solar an宮1e at  
noononthesummersoistice（21Decemher）．Features  
父eninFigs．7，8and9sとrongiysuggestarlimporta戒  
roleofsolarradiationtothegrowthofpenitents．  

To measure ablation rates on the surface of  
pen娠n晦th主n bamboo sticks of20cmlong were  
drivenintos‡10WatVariotlSpartSSuCilaStbetopand  
wal王s of penitentsくFig．軋 Only one－day measure★  
mentl＼・aSnlこIde from19to2O Deeember1995．Abla．  
tionratesaveragedforfoursiteswere88mm／dayat  
thetop，89mm／dayonthenorthernfaceand80mm／  
day on the southern face．0ver払e perlitents fieid  
neartheglacierterminus，airtemperaturewas12．5OC  
and5，5らC，andrejativehumiditywas88％and80％  
atnoonon19and20De（：ember，reSpeCtively．Dueto  
highairtemperatureinthisperiod，SenSibleheat，in  
additiontoshortwaveradiation，Shouldhaveacceler－  
a亡ed ablati川1r；lte．Consequentlト nし11argp differ－  
enceswereobservedamongthepartsofpenitents．   

Fig．9．A scbemaとic nortb－Sく〉u汰cross section ofさnOW   
penitent（ameanofllpenitents）nearthetermin11SOf  
Piloto Glac主erく19D∝ember1995）．A soiid straigbt   
i主nei王Idicaモes洩evertica王，abrokerl王i王Ieindicaモestbe  
surface slope of the northern face，and a dottedline  
with●indicatesadirectiontothesunatnoon（12：00  
LT）onthesummerso王st童ce（21December1995）．   
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4．Conc山dingremarks  

Liibol丑ry（1954）suggested stlCb ciimatic condi】  
tions which give rise to penitents as，1）dew point  
definite王ybeloⅥrOOC，thatisaverydrycondition，2）  
StrOnginsolation，and3）airtemperaturerleVerStrOng－  
1ypositive．Tbenbeproposedtbefoliowinghypo払e－  
sisこn；lmely”The sublimation of t．he sn（川■Orice  
a1loⅥrStbecreststomai一法aintbeirtemperaturebelow  
O巾C，Whilein the spaces or passages between the  
pemitents，Where radiationis concentrated and  
removalofwatervapournotso easy，meltingtakes  
place”．  

A‡ithe field data obtained throtlgh the present  
prelimirlaryreSearChareconsistentwithandsupport  
Liibol止ry’sbypothesis．Namely，the sbape of peni－  
terltSisinfavor ofsuch aninhomogenious ablation  
paモモern ase血anced me‡ti喝at thebottom＄due to  
absorbedsbortwaveradiationarldceasedmeltingat  
血etopdtletOCOOlingbyslぬIimatio王IandotltgOing  
longwaveradiation．ClimaticconditiollSWもicムacceト  
eratethisprocess血ouldbehighsolarangle，lowair  
densityandlowvaporpressure．  

However，there remainlots ofinteresting and  
ctlriotlSprOblemsunsolved．Wewotildliketoknow，  
inpartict沌ar，embryosofsnowpenitents，parameterS  
todetemine払espacingandaiigme‡1tOfpeniteIl晦  
themannerofmultireflectioI10fshortヽl・aヽ▼eradiation  
betⅥreenpenitents，andmecbanisI罰StOmai離aint壬－eir  
OⅥ7npeCuliar洩apeofpenitents．horderto make  
cleart壬1eSedetailedprocessesandmecbanisms，itis  
necessarytocarryo11tmicrometeorologicai（乙g．sma11  
－SCaleheatbalance）studiesfromthebeginningofan  
ablationseasonto mid－Summer．  
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