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Abstract  

SnowdustingexperimcntsweT’ePerformedtostudytherelatio11ShipbetweeTldustinganlOuntand  
ablationrateunderdifferentrrleteOrOlogicalconditions，thebehaviorofdtlStparticlesonamelting  
SnOWSurface，anditseffectsonalbedochangeandablation．Resultsindicated thatablation rate  
increasedwithdustamount，fromundustedconditionintherangeofOtoO，08kg／m2．However，When  
theamountwasbeyondO．08kg／m2，therateofablationdecreased．Amaximumablationratewas  
fotlndforthedustingamount ofO．08kg／m2in alltheexperiments．The dusting amount，beyond  
WhichtlleabtationrateissmallerthanforundustedsllO＼＼－．increasedlinearlywith［heinereaseofsum  
OfsolaTradiationinput．DusIparticleswerefoundtoaggregatewiしhtimethrougheaehexperiment．  
The rate of aggTegation was accelerated under conditio11S Ofintense solar energ）T．＼Vhiehinturn．  
CauSed the albedo toincreasewith time．This was particularllleVident forlightly dusted snow  
surfaces．Theinereasein albedo resulteditla decreased ablation rate．  

1．1ntroduction  

Glacier stlrfacesin tbe Himaiayas are covered  
Withvaryingamountsandsizesofdebris（Watanabe  
gfα乙，1980；Fusbimig吉α乙，1980；Nakawo功㍉扉，1992  
：andMattson（1I（7／．．1992l．11imalayanglaciersha＼Te  
been categorized mainlyinto two types：the ciean  
typeglacier（C－type）without a debrisc（〕Ver and the  
debris－COVered type glacier（r）－tyPe）（Moribayashi  
and Hi針IClli，1977）．Thesur■facビSOfD typeglaciers  
arecoveredwithavidevarietyofdebristypesrang－  
ingfrombigboulderstofinedebris．AIso，ⅠくohshiIlla  
eta£（1992）suggestedthatsomeoftheClypeglaciers  
intheNepalHimalayasarenottruelycleanbtltare  
actualiy covered with a biogerlic material．This  
materialisknowntOCalユSeadeereaseinalbedoofthe  
SnOW／icesurねceandconsequentlyacceierates abla一  
触n．Hence，Sllpragiacialdebr主s plays a significant  
roleinglaciermassbalancein th〔・Hinlal；lyaS．  

Severalresearcbershave（：Onductedexperiments  
Onlhe rtLlationship betwe円1the amount of dustこlIld  
the ab王ation rate，and壬IaVe Sbown軌at the rate of  

ablation＼VaSenhaneedwith adebrisぐOVerlessthana  
Criticalamountwhilebeingretardedwithanamount  
largerthantbatlimit（e．g．¢strem，1959；Loomis，1971  
；Fujii，1977 arld Mattson，1992）．The amolユnt Of  
debris on the snow／ice surface beyorld which the  
ablationrateislesstban也erateforundustedsr10Ⅵr／  
icesurfaeeisca11edthe－‘critiealamount’’．Aceording  
to Nakawo and Takahashi（19ボ2）theeriticalanlOunt  
＼▼ariesdependi11gOn Pre＼TailingnleteOrOIogicalcondト  
tions．They proposeda sinlple modelto predict the  
ablation of glacier ke under a debrislayer．Ⅵ▼hich  
agreedw支払fielddata．However，tbe汀10delassumed  
aconstant albedo despitethedebrisamourlt．They  
didnottakeintoaccountforrathersmaliamountsof  
dustmaterialswherethealbedochangeswiththedust  
amount．Tbequantitativeestimationofablationfor  
lesscontaminatedsnow／icecoveringawiderangein  
a王bedo壬1aSnOtbeenperformedsatisねctorily．   
Inthisshld）’．We111Onitoredthechangei11albedo  

with different dust amounts and alsoヽ＼▼ith differe11t  
inptltSOfsolarenergy toobtこIi11emPiricaldata fora  
betterestimationof払eab重atior10fdtlStedsnoⅥr／ice   
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S11rfaees．AIso，aShorttimeaftertlleltingbegins．the  
du＄tparticleshaveatendencytochangetheiriocation  
Onthemeltingsnow／icesurface（Zotikov，1972）．So，  
Wemadeaefforttoexaminequantitativelythebehav－  
ioroftheparticlesonthemeltingsnowsurface．This  
paper describesthe nature of aggregation of dust  
particles，anditseffects on the albedo and ablation  
rate．  

2．E叩eriment  

Asnowsurfacewasartificial】ydustedwithdiffer－  
entdustloadingsonコ5－CmrSqllareSnOWSurfacepIots  
OnMarch21，23，24and26andApri111，1995，Time  
periods ofthe experiments were13：00，17：00，09：  
00岬16：00，12：00－16：00，11：00鵬17：00andO9：00－  
17：000nMarch21，23，24，26andAprilllrespective－  
1y．Theinconsistencyofthedurationofeachsample  
day was due to technicaldifficulties：it was not  
possible to start the experiments at the same time．  
Thetotalnumberofdustedplotsweresevenineach  
experimeTltWithdustloadingsrangingfromO．O6kg／  
m2toO．90kg／m2（Fig．1a）．Ablack soilsievedwith  
meshes of O．35mm a11d O．15 mm was used for the  
experiments to have the grain size in the range 
between the two（i．e．0．35≧◎＞0．15rnm．）．The dry  
albedo andtheapproximatedrybulk density ofthe  
SOilwereO．08and448kg／m3respectively．Sincethe  
＄Oiトtypewhichisusedfortheexperimentsisusedas  
afertilizerattheDepartmentofAgriculture，Nagoya  
University，the soilmust have contained organic  

matters．  
The dtlSting experiIllentS Were Carried out on a  

SeaSOnalsnowcoverwithahorizontalsurfaceat450  
ma．s．1．atSaiho（1at．36059’N，long．138つ43’E），Niigata  
Prefecture，Japan．Thesnowsurfacealbedoandthe  
density of＄nOW Were different between different  
experimentdays（Tablel）althoughthelocationsof  
eachexperimentwereclosetoeachotherwithinthe  
horizontalsurface ofthesnowcover．  

After preparing tbe plots，inf王exible gradtlated  
Stri11gSWereStretehedovertheplotsbetweenho1low  
aluminumpo】esoflcmindiameterandlminlength  
eachinstal）ed at the sides ofeach pIot．The alumi－  
numpoleswerepaintedwhitetoreducetheamolユntOf  
SOlarradiationabsorptionontheirsurfaces（Fig，1b）．  
Surface lowerings on the dusted plots and on the 
undusted snow surface were measured everylor2  
hours at graduationsmarked onthe strings，with a  
graduatedruler，atintervalsoflto2cmfromoneside  
totheother．MeasurementsofsurfacelowerlngWaS  
limited to depressionswider than，Or eqtlalto，the  
nller’swidthu．；leml．Totalablationwasdetermined  
bymultiplyingtheaveragedifferenceinthemeasured  
distance from the string to the surfaee by tht）SnOW  
den＄ityontbatday，fora由venperiodoftime．  

The albedo of the dusted and undusted snow  
Surfaceswasmeasuredeveryhourbyanalbedometer．  
Itwascomposedoftwophotodiodes（oneopen，and  
the other shielded）which caninstantaneously sense  
theupwardanddownWardshort－WaVeradiation（Fig．  
1c）．Ashorthollowblackcylinderwasusedtoshield  

TablelCo11SequenCeSなomdif鈷rentexperlmentaldays、  
Mar21  Mar23  Mar24  Mar26  Åprll   

Snowalbed（）（undusted）   8．67  8．60  0．65  0．83  0．57   
Snowdensity（g／Cma）   0．38  0．39  0．39  0．34  0．42   

Effectivetotalablationunderthe  2．01   3．32  0．75   effectiveamountofdust（cm，W．e）  1．05  4．06   

Effectiveamountofdu＄t（kg／m2）  0．08  0．08  仇08  0．08  0．08   

Criticalamountdfdu＄t（kg／m2）  0．24  0．60  0．10  0．18  0．56   

Heatbalancecomponentsforundustedsnowstlrface（W／m2）   

Netsbort－WaVerad言ation，Rns  ZO7．2  11（〉．8  41ユ  240．1   
Netl（〉ng－WaVeradiation，RnIノ  －66．3  …18．9  －63，2  －49．7   
SeI鳩iblebeat，H  10．0   6．8   3．5  85，5   
Laとentムeat，Lb  1－2   3．3  －1．3   4．0  
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（a）Dustedplotswithvariousdustloadings：  
血ount of dustin kg／m2  
0．06 0．08 0．11 0．16 0．22 0．45 0．90   

（b）Xeasurement Of surfaceloYering：  

（c）Albedo measurement：  

Fig．1Schematicdiagramoftheexperimentalprocedures・  

OneOfthediodesforthemeasurementsofot塵Oing  
ShorトWaVeradiati（一nOnlyfro111thep】ots．Theview－  
ingarlgleof払esbieldedpbotodiodewas200andtbe  
beight from tbe suゴaceⅥraS abol止8．5m so as to  
preventthediodefromreceivingtheradiationoutside  
theplot．Theincomingradiationsensorhas a1800  
COneOfacceptance．Thediodes（5．8×5．8mminsize  
each）were sensitive from visible to nearinfra十red  
light（300rlmtOllOOnminwavelength）．Takinginto  
accountthedifferenceintheviewinganglesofthetwo  
diodes，thecorrectionfactorofl．4wasapplied，Which  
was obtained by comparing the measured radiation 
with and without the shield over a wide area of the 
SnOWSurface・lnaddition．photographsofe＼でryplot  

Weretakenatintervalsoflto3bourstoi11VeStigate  
tbeag許egationofsoilparticlesolltbedu或edpiot＄．   

3．Meteorological⊂Onditjons  

TenLminuteaveragesofmeteorologicalvariables  
SuChasincomingsolarradiation（W／m2），airtempera－  
ture（OC）and relative humidity（％）were collected  
fromameteorologicalstationabout50mawayfrom  
theexperiment＄ite．Theinstrumentforthemeasure－  
mentofincomingsolarradiationwasEKO（MSサ43F），  
thermocouple type．Air temperature and relative  
bumidity were measured wi払Hakusan（HS151LS）  
instrument，beingcapabieofmeasuringintberange   
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of －50－800C and O～100 ％ respectively．Wind  
speed was measured manllal】y once an hollr br a  
calil）ratedanemometerattbeexperimentsite．Fig．2  
showsthemeteoroIogicalconditionsofeachexperi－  
mentday．  
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Fig，3 Reiatio点Sbipbetween血s如gamounとandablation・  

theoneforundusteds11OW．WaSdifferent fromda〉TtO  
day（Tablel）．Tbisisi111ユStratedmoreclearlyinFig・  
4．where effective as wellas eritiealaIl10untS are  
plotted against the total incoming solar radiation 
corresponding to each experiment．Thetotalsolar  
radiationisthesumoftheten－minuteaveragesofthe  
radiationdatacorrespondingto thedtlrationofeaeh  
expedment．Fig．4shows払at也e most ef短ctive  
ablation oecurred at the same dusting amount，O．08  
kg／m2．butcriticalamountincreaseslinearlywiththe  
increaseofsolarenergy．  
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Fig．2 Meteorologicalconditionsduringtheexperiments・  
ShadowareaindicatesthetimedurationofeachexperiL  
ment．  

4．Res山ts and Discussions  

4．Jノ‖沌裏永別  
Characteristics of snow ablation under different 

amountsofdustisrevealedfromtbeexperimentsand  
the results were found similar to those obtained by  
previous researchers（for example；Ostrem．1956，  
Loomis，1970＆Fujii，1977）．Fig．3illustrates the  
totalablationfordifferentdusting amountsofthree  
di馳rent experiments as an exampie．In alicases  
totalablationincreasedwiththeiIICreaSeOfthedusト  
ing amount fronlO to OIL）8 kg．血1ご．followed by a  
decTeaSein ablation when the dusting amount wellt  
beyondO．08kg／m2．Thedustingamountwhichcorre・  
spondedwiththemaximumsnowablation，termedihe  
m（1St擁・LltiE・1（、，7〃LL｝t川tinthisstlldy，appt？aredtobea  
eonst；lnL O．08kg／m：but the（1諦c（l／（7，Tl（7tL17Iof the  
dtlStingamount．beyondwhichtheablatio■lislビSSthan  
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Fig．4 Relationshipofmo＄teffectiveamountandcritical   
amot‡ntagalnStthesumofsolarradiatio11．Additional   
dataareplottedforshむrt鱒rioぬ㌍l∝tedfrom払efive  
runsoftheexperiments．   
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Fig．5illustratesthetotalablationontheundusト  
ed snow surface plotted against the total incoming 
solar radiation．1t shows alinear relationship  
between the totalincorning solar Tadiatiotland the  
ablation（eorrelationcoeffieient：O．91）．Ther－elation，  
however，isnotlinearforthedustedsurfacesasshown  
inFig．6．Fig．6showsablationresultsfromdifferent  
meteoroIogicaleonditi（mS＼l・hich sh（一WS the ablation  

rateincreasing sharply up to5．8MJ／m2but the  
increasingtre一重date－1ergylevelslargertban5．8MJ／  
nlごisshowntobemoregentleeoIllParedtothatbelow  
5．8MJ／m2on thedustedpIots．  
TablelilJustrates the heat balanee calculatioIIS  

Onundustedsnowsurfaces duringeach experiment，  
Showingthatthesolarradiationisthemostdominant  
energy source among the heat sources．1n heat bal－  
ance caiculation，SenSible heat，1atent heat and net  
Short w；lV【lradiation were calculated aぐeOrding to  
Paterson（1994）andnetlongwaveradiationvasca王cu－  
1atedaccordingtoOke（1987）．Inten＄ityofheatconN  
ductionthroughthedustonandintothesnowvaries  
dependir唱On the a111OUnt Ofdustpresent onthesur・  
face．In our experiments．heat storage＼＼▼ithin the  
debrislayeriseonsiderednegligiblewiththefactofa  
relativelythindebriscoveronthesnow，Itisconsid－  
eredthatthetotalheatfluxincreaseduptothemost  
effeetive amountdueto the reduction of albedo and  
then decreased on a higher amount of dust due to  
thicker dust cover than tlle effeぐtive dust amount．  
The dusted area with dust amountlessthan themost  
effectiveamountexhibitedles＄ablationduetohigher  
reflectivitycausedfrompartialsnowcoveragebythe  
dust．Henee．albedois the dominant faetot・controト  
1ingablationuptothemosteffectiveamount，butthe  
iIISulationbydustlこ1yeristhemostdominant faetor  
above the most effective a1110unt．Consequビnt1y，  
maximumablationoccurswhenthefunctionchanges  
frorn the domination of albedo to the domination of 
tbeinsulatio‡1．  

Theinsulation effectisenhanced asit goes to  
higherdLIStloこ1dings and redtlCeSthe ablation above  
the mosteffective amount．The amount of abiation  
abovethecriticalamountislesscomparedtoundusト  
edsnowsurfacesduetotheinsulating effect ofthe  
thiek dust coヽTer．Dustless than the（、ritiealamoullt  
absorbssolarradiationmorethanadustfreesurface  
andtransmitsenergy tothビdust：：，’snowinterfaceand  
acceleratesthetotalablation．Iftheavailableenergy  
islarge，theflowofenergytothesnowislargeand  
more dustis tleeded to pr（）teCt the sullfilぐe from  
nleIting．Duetothisfactthatcriticalamountofdust  
onthesno＼＼・WOuldvこIriesdependingonsolarradiation  
inputs．Our data have proved that【he critical  
amountsincreaselinearly as theinput of energy  
becomeslarge（Fig．4）．This result on the cr・itical  
amount stlbstantiate the predietion b）lNakawo and  
Takabasbi（1982）froふamodeiingstudy．   
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Fig．5 Relati（lnShip between totalabtation and t（1talitl－  
COming solar radiation for undusted snow surface．  
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4．24秦野γ聯≠わ乃α乃dぬq蹄c才  

Fig．7a showsanexanlpleofthe aggregationof  
dust particles on a dusted pIot on a melting snow  
Surfacewithtime．Itwasobservedthattheparticies  
Ofsoiトdust changedtheirlocation shortly after the  
melting started，having a trend to aggregate at the  
me托il‡g CrUStS．T壬1e ag宮regation re＄ujtediれ a  

decreaseofarealfractionoftheblackpartwithtime  
Onthedustedsnowsurface．Thearealfractionofthe  
black part alollg Oneline acrosscachplot wasnlea－  
Suredfromthepho†ographstakenduringeachexperi－  
ment．Fig．7b shows an example of the resu王t of  
aggregationalongalineonaplot．Fromthisfigure，  
itisclearthatthedustparticlesaggregatedintosmall  
grot】pSWi班ti汀把．  

Dustingamounも0．06kg／n2  
09：00  10：00  

Fig．7a．A托eXampleoftbeprogTeSSiveaggregatjonofdustparticlesoname王ting  
SnOW SurfaceくMar．23，1995）ITbe dust was distril）uted on払e s110V Sbortiy  
beforeO9：80，Wbentbesizeoftbeareawas25×25cm2．   
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increaseofsolarenergy．Aftertheaggregationlimit  
is reached，the process of aggregation becomesin－  
dependentoftheenergyfluxwhentheparticlesreach  
theirmaximumstage．  
Fig．9showsthechangesinthealbedowithtime．  

Foraplotwiththelightestdustamount（0．06kg／m2），  
thealbedoincreasedfromll％to32％due tothe  
aggregationofdustparticles．Itremainedrelatively  
Stable，however，withtheheavydustingamount（0．90  
kg／m2）becauseofthe absenceofaggregation．Fig・  
urelOaindicates the albedo against the sum ofthe  
SOlarradiationaftereachplotwasprepared，Showing  
linearrelationsbetweenthemcausedbyaggregation．  
The slope of albedo changeinFig．10ais shown  
againstdustingamountsinFig．10b．Theregression  

Fig．8showsthetemporalvariationoftheratioof  
black parts（in percentage）with time．The ratio  
decreased with timein the range Oflight dusting  
amountsfromO．06toOA5kg／m2，butfortheheaviest  
dustingamount，0．90kg／m2，thewholearearemained  
COVered with dust．In other words，aggregation on  
the snow surface becameintense forlight dusting  
amounts，butaggregationdidnotoccurataplotwith  
heavy dust．Itis evident fromthe figure that dust  
particles were high1y aggregated on the snow with  
timeonlyuptoacertainlimit，andnofurtheraggrega－  
tion wasfound beyond thatlimit．As the particles  
aggregatedwithtime，theaggregationwouldproceed  
Withlowering ofthe snow surface upto thelimit．  
Note the surfaceloweringis enhanced with the  
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resultedin S＝0．142×e－32・5Ⅹ（correlation coefficient  
is一凋．97），WhereSistheslopewiththeunitofm2／MJ  
andズistbedusぬgamountinkg／m2．  
Thp aggregation of dust partjcles caused an  

increasein albe〔lo eompared t（・theillitialstage and  
theamotmtofsolarradiationabsorptiononthesur－  
faceswasobviouslyreduced．Thisconfirmsthatthe  
aggregation becameintense at higher energylevels  
Where the totalablationislarge，but the ablation  
trends of dusted snow surfaces were suppressed，aS  
ShowninFig．6，attheenergylevelshigherthan5．8  
MJ／m2．Therefore，theaggregationofparticlescan  
beanegativefeedbackformelting．   

5．ConcIusions  

SnowdlユStingexperirnentstlnderdifferentrneteor－  
Ologicalconditionswereperformedtounderstandthe  
effectofsurfacedustOnSnOWmeltandtoclarifythe  
quantitative behavior of dust particles on melting  
SnOWSurfaces．Ourdatahaverevealedthefollowing  
prlnClpalresults：  
1．Fordustingamountsrangingbetween仇06kg／m2  
andO．90kg／m2，ablationratewasthehighestwiththe  
dlユStingamountofO．08kg／m2（whichweter・medihe  
傲通名約通夜α轍脚弼 Tbe effective amount was  
foundeonstant forvarieties of met亡・OrOIogicalcondi．  
tio11S．  
2．Tlle（11I血l（7m（l［Ilt（．beyond which thEL ablationis  
less than the undusted snow，On the other hand，  
appeared toincreaselinearly with theincrease of  
SOlar energy．This result confirmed the result  
ObtainedbyNakawoandTakahashi（1982）．  
3．AlbedoofthedustedsnowsurfacesirlCreaSedwith  
timeassolarradiationamountincreased，inparticular  
forlightlydustedsnowsurfacesduetogradualaggre・  
gationofthedustparticles．  
4．Tbeaggregatedd11Stparticles洩owedarlaggregか  
tion王imit a食er tbe particies reacbed a maximum  
aggregated stage．The process of aggregation was  
found to beindependentwith time after thelimit，  
SuggeStingthatthe aggregationbecameindependent  
Onthesumofthesolarenergyaswell．  
5．Therateofaggregationbecameintenseforlarge  
SOlarencrgy，Whichcausedthealbedotoincreasefor  
lightlydustedsnowsurfaces．Theincreaseinalbedo  
resultedinadecreasedablationrate．Therefore，the  
aggregationofdustparticlesonameltingsnowsur－  
ねcecanbeanegativefeedbackformeltiIlg．  


