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Abstract  

Seasonalheatandmasstransferinthecoldsnow－aCCumulationareaofGorshkovIceCap（3903  
ma．s．1．）onUshkovskyVoIcanoisstudiedonthebasisofmodelsimulationstointerpretcontinuous  
two－year temperature reCOrds from seven thermistorsinstalledin the27－meter deep borehole．  
Precipitationseasona）ity，relativelyhighannualaccumulationrates，andsnow－firndensificationare  
foundtobetheprincipalpeculiaritiesoftheprocess．On）yfirstharmonicsoftheseasonaltemperature  
Variationsweresignificantandreliablydetectable．Theamplitudeofthesurface－temperaturefluctua・  
tionsisinferredtobe16．69C．Themeanannualsurfacetemperatureof1996isdeterminedas－17．50C  
Withashort－termtrendabout－2．30Cyr．1duringthe1996－1998period．Therelativethermalconduc・  
tivityofsnowandfirn＾asaparametricfunctionofporositycissimultaneouslyverifiedwiththe  
parameter a＝モ0．5．Theimpact oftheinteractionbetweenthe seasonalvariations of the surface  
temperatureandthemassbalancerateonthethermalstateoftheglacierbelowtheactivelayeris  
theoreticallyestimatedasverysmall．  

1．lntroduction  

GlaciersfillingvoIcaniccratersformuniquenatu－  
ral complexes with specific thermal and 
hydrodymamicinteractions．Comparativelylarge  
depthofthecratersandsma11longitudinalvelocities  
Oftheicemakesuchglaciersespecially valuable as  
paleoclimatic and voIcanic archives．Heat transfer  
PrOCeSSeSinthe seasonalactive】ayer and the ener・  
getic capacity of the voIcano manifest themselves  
throughthe thermalstate and verticalmovement  
（bottommelting）oftheglacier，anddeterminetheage  
－depthdistributionoficeandashdeposits（Muravyev  
andSalamatin，1989；Salamatinetal．，2000；Shiraiwa  
etal．，inpress）．  

Seasonalheatandmasstransferprocessesinthe  
coldsnow－aCCumulationareaonUshkovskyVoIcano  
were studied from1996to1998in the framework of  
theJoint Russian－Japanese Cryospheric Research  
ProjectatKamchatka（Kobayashietal．，1997；Shira－  
iwaetal．．1997；1999a；1999b）．GorshkovIceCap（3903  
ma．s．l．）fillingthelargersummitvoIcaniccraterwas  
thesiteofthefieldobservations（Fig．1）whichinclud・  
ed（1）continuoustemperaturerecordsfromtheseven  
SenSOrShanglngOn One Stringand set at theinitial  
depthlevelsaroundl，2，4，5，8，10and27minthe27  

Fig．1．TopographicmapofthesummiticecaponUshkov・   
Sky VoIcano，Kamchatka，With thelocation ofthe27   
－meterdeepboreholeBH－1usedfortheseasonalactive   
layerthermometryin1996－1998．So）idanddottedcon・   
toursarefortheglacierandbedrock，reSPeCtively．   
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heatcapacity，andthermalconductivity ofpureice，  
respectively；C（h）isthesnow－firnporosit）T；＾（c）isthe  
normalizedcorrectingfactorwhich accountsforthe  
enhancedthermalresistance ofthe porousice struc・  
ture；Uistheverticalvelocity ofthesnow andfirn  
relative to the glacier surface．The main model  
parameters，theirvaluesanddefinitionsusedinsimu・  
1ations are compiledin Tablel．Thermophysical  
properties ofice are taken after Budd（1969）and  
Hobbs（1974）．The reIative therma】conductivity of  
snow and firnJLis determinedin accordancewith  
MuravyevandSalamatin（1989）andSalamatinetal．  
（2000）afterVostretsovelal．（1984）and Sturmelal．  
（1997）．Porosityprofilealongtheboreholeisobtained  
onthebasisoftheicecoredensitymeasurementsof  
Shiraiwa et al．（1997）．  

Periodic temperature variations are imposed at 
the air－SnOWinterface  

－meterdeepboreholeatBH－1fromAugustl，1996till  
June30，1998（Fig．2）；（2）annualmeasurements of  
snow－aCCumulation stakes；（3）ice－maSSbalance and  
density measurementsinpits；and（4）ice－COre ana－  
1yses．  
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n＝0＝〈n〉・貰［A川S〔豊′〕   

・β貞Sin〔驚f〕］－  （2）  

＿＿＿J m   where〈7：〉isthemeanannualtemperature，A員and  
Bh，k＝1，2，…，are the amplitudes of the harmonic  
OSCillations，んistheperiod（oneyear）．   
Itis assumed that T→く7t〉，aS h→∞，and the  

limitingperiodicsolutionissearchedforト→∞．  
The principalpoint hereis that，due to the  

SeaSOnalityinprecipitation，thevertica）velocity uof  
the snow and firn deposits also varies periodicalIy  
with time，andin accordancewith Salamatin（1991）  
andSalamatin etal．（2000）itcanbepresentedas：  

」 Om  

①t廿＿＿ゼ7m  
日日・1  

Fig．2．Asketchoftheborehole BILトIwith theinsta）led  
thermistorsmovinginthesnow－firn11ear－Surfacestra－  
tum．  

Theprincipalgoalofthisstudyistointerpretthe  
Observedtemperaturedataobtainedfromthemoving  
thermistors by means of model simulations on the 
basis of seasonalityin precipitation，annualsnow  
accumulation rates（－0．6m yrlinice equivalent），  
andsnow－firndensificationprocesses．   

2．Mathematica】model  

A mathematicalmodeland a specialalgorithm  
aredevelopedtosimulateseasonaltemperaturevaria・  
tions T（inOC）inadrysnow－firnnear－Surfacestrata  
Ofaglacier．  
The boundary va）ue problemis formulated for・  

thegeneralheattransferequationinthehalf－SpaCeOf  
thesnow－firndepositswiththeh－aXisdirecteddown－  
Wardanddepthhcountedfromthesnowsurface（Fig．  
2）．   

（1）  c♪刷－C）〔昔＋檻〕＝意ト爪音〕  

HereEisthetime，Pi，Cbi（T），and）i（T）arethedensity，  

〃＝豊＋ぅ監［1－（1－β＋∈）（卜川・  

ど＝上如（トc極／J如（1－C励  

Thelatterequationtakesintoaccounttheeffectsof  
the snow－firnCOmpreSSibility and theicecap defor・  
mation．Thefollowingdenotationsareused：bandくb〉  
arethecurrentandmeanannualmassbalance（accu－  
mulationrates）ofice ontheglaciersurface，reSpeC・  
tively；Ciis the mean porosity of the annualsnow  
layer；e and E are the relativeice melt rate at the  
glacierbottom andthe relativeverticalcompression  
rateoftheice，reSpeCtively，nOrmalizedbyくb）；his  
theice－Cap thickness；Eis the norma）ized distance  
fromtheglacier（crater）bottominiceequivalent．AJl  
environmentalparameters are presentedin Tablel  
after Matsuoka et al．（1999），Shjraiwa eial．（1999b）  
andSalamatinetal．（2000）．Massba）ancefluctuations  
areexpressed，Simi1arlytoEq．（2），aS  

恵一1＝貰［Lhcos〔3ft］・Thsin〔驚t］］1（4）  

Where払andlんarethenormalizedamplitudesofthe   
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Tab］el．Mainmodelparameters  

Meaning of parameters Denotations  Basic va）uesand formulas  
7Ⅵg〃押呼匂岱よ∽J♪n砂g〟fゐげg血cわγわどご  

βf  

ぐ卯（r）  

Ice density 
Specificheatcapacity  

918kg・m‾3  
q叩［1＋仇（r＋3叫，  

C♪0＝1．89kJ－（kg■Oq‾】，  
馳＝0．00370C‾l  

ん［1一助（r＋30）］  
）0＝2．55W・（m・OC）●l，  
仇＝0．00398C‾l  

α（1－C）／（α＋c），  
αた0．5  

Thermal conductivity 

Re）ativethermalconductivityof  
SnOW and firn＋  
Porosity  －γh  Csg   

C〆と0．5，γ之0．03m‾l   

肋〃g和花川β邦おJα明♂′′わ裾ざご  

カ0  

β  

E  

〈n〉  
く∂〉   

肋βI‡αJ郎C∫J加わ〃ぶ〆c血刀αおごカαJ℃Cね，虫Jおsニ  

lcecapthickness  
Relativemeltrate  
Relative rateofvertical  
COmpreSSion  
Meanannualsurfacetemperature  
Meanannualmassbalance  

185m  
O．1  
－0．6  

－17．50C  
O．61m・yr‾l  

Surface－temperatureamplitudes■   

Mass－balancerelativeamplitudes  

A
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 ＊）Bestrfitvaluesdeducedinthispaper  

massbalanceseasonalfluctuations．  
As shownbelow，theinteraction between the  

Surface－temPerature and mass－balance variations  
givenbyEqs．（2）and（4），eVenforN＝1，reSultsin  
additionalhigh－frequencyharmonicsinthetempera－  
turefie）d TdetermjnedbyEq．（1）．   

3．ExperimentaIdata  

Measurements of snow－aCCumulation stakes，  
Observationsinpits，icecoredata，andashmarkersof  
historicaleruptionsa1lowedustoreliablyestimatethe  
annualmass balance rate〈b）売0．6m yr－10fice  
averaged over28years（Shiraiwa et aL．，1997）．The  
SeaSOnalvariationsoftheaccumulationratehavealso  
beendeduced from thestratigraphic features of the  
1994－1998firndepositsandmonthlyprecipitationdata  
ObservedatKluchi，anearbymeteorologicalstationat  
thefootslopeoftheUshkovskyVoIcano．Asaresult，  
normalized histogram of the monthly mass－balance  
fluctuationsispresentedinFig．3a．Itisperiodica11y  
extrapolatedoverthetwo－yearperiodofthecontinu・  
OuS borehole－temperature meaSurementS from  
Augustl，1996 tillJune30，1998．Hereinafter the  
Startingdateistheinitialmoment（zero time）ofthe  
timescaleinourconsiderations．Thick andthinso）id  
linesin Fig．3a are the harmonic expansions of the  
massbalance oscillationsin accordancewith Eq．（4）  
forN＝1and2．Theyarereferredfurtherascases   
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Fig．3．（a）Thenormalizedhistogramofthemassbalance  
monthlyfluctuatjonsperiodical】yextrapolatedoverthe  
two－year period of the continuous borehole－tempera・  
ture measurements from Augustl，1996t‖June30．   
1998．ThestartingdateistheinitiaImoment（zerotime）  
Of the tjme scale．Thick and thin solidlines are the   
harmonicexpansionsofthemassbalanceosdllationsin  
accordancewithEq．（4）forN＝1and2（seealsoTable   
l）．（b）The downward movement of the first upper   
SenSOrfixedin firn．The trajectoriesare predicted on  
thebasisofEqs．（3），（4）at〈b〉守0．61myr‾l．Thethick  
and thinlines correspond to N＝1and2in Eq．（4），  
respectively．   
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landII，reSpeCtively．  
AsschematicallyshowninFig．2，SeVenthermis－  

torswereinstal）edintheborehole BH－1attheinitial  
depthleveIsofl，2，4，5，8，10，and27meters．Onlythe  
firstonewasfixedinthefirnandreachedthedepthof  
3．15m by the end of the experiment．Its downward  
movementpredictedonthebasisofEqs．（3）and（4）is  
depictedinFig．3bbythethickandthinlinesforthe  
CaSeSIandII，reSpeCtively．Thetwo variantsofthe  
trajectory are rather similar and come to the3．15  
meterdepthatくb〉七0．61myr－l．Thelattervalueof  
themassbalancerateisveryclosetoitsabovelong  
－term eStimate andis usedin a11simulations below．  
Allothersensorshungfree）yonthesamestringand  
temporalvariationsoftheirdepthsweretheobvious  
Shiftedreplicationsofthoseofthefirstone．  

Six originaldaily－temPerature reCOrds after  
eliminatinglineartrendsareplottedinFig．4andcan  
easilybedistinguishedduetothehigh－frequencynoise  
inducedbythemeasuringequipment．Numbersofthe  
thermistorsin the downward direction aregivenin  
Circles．Thelast（seventh）sensoratthebottomofthe  
borehole did not reveal any noticeable seasonal 
Changesin temperature．Climaticinstability of the  
Surface－temperature Variations and non－uniform  
increaseinthedepthofthesensorslocationsmanifest  
themselvesnotonlythroughthegeneralnon－periodic  
trends in the recorded signals but also distort their 
phaselagsanddamptheiramplitudeswithtime．To  
determinetheresultingshort－termtemPOralchanges  
in harmonic expansions of the temperature－time  
Series．the measurement data are subjected to the  
multi－factor（harmonic）analysis and each tempera－  
turerecord7t．（t）ispresentedinthefollowingform：   

㍍（り＝箭十仇汁訃ん十仇心s〔豊中  
仏＋β商n〔豊用  （5）  

Thebest－fit values ofthe parametersin Eq．（5）  
aregiveninTable2．Asitcaneasilybeseen，Onlyfirst  
harmonicsaresignificantandreliablydetectable．The  
amplitudes of double－frequency oscillations arelO  
timeslessandcomparablewiththelevelofthenoise  
（standarddeviation6）．  
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Fig．4．Comparisonofthebesトfitsmooththeoreticalpre・  
dictionswiththesixorigina］daily－temPeraturereCOrds  
Withoutlinear trends easily distinguished due to the   
highーfrequencynoiseinducedby the measuring equlp・  
ment．Numbers of the thermistorsin the downward  
direction aregivenincircles．  

4．Modelsimulations  

Tointerprettheabovequantitativedatainferred  
fromexperimentalmeasurementswehavetoseparate  
theoriginalclimaticinputfromtheimpactcausedby  
thenon－uniformincreaseinthedepthsofthethermis－  
torlocations．Withthisaim，Wedirectlysimulatedthe  
SenSOrtemperatureS，uSingthemodel（1）－（4）atN＝1  
and modelparametersgivenin Tablel．The ampli－  
tudesofthesurface－temPeraturefluctuationsA）and  
昂inEq．（2）andtherelativethermalconductivityof  

Table2．Parametersoftheharmonicanalysisoftheregisteredtemperaturesjgnals  

Parameters   Sensors  
2   3   4   5   6   7   

㍍，OC   －15．41  －15．14  －15．12  －15．25  t15．57  －15．63  －14．61   
ち，OC・yr．l   －2．19  －1．93  －1．24  －0．55  －0．25  －0．18   0．00   
Al，OC   7．36   4．33   0．83  －0．32  －0．45  －0．35  0．008   
仇．0C・yr‾l   －1．58  －1．02  －0．86  －0．31  －0．086  －0．085  －0．01   
昂，OC   3．06   3．62   2．87   1．15   0．13  －0．087  0．004   
＆，OC・yr．l   0．84   0．33  －0．27  －0．025   0．11   0．20  －0．006   
A2，OC   0．62   0．41   0．069  －0．055  －0．032  －0．014   0．001   
昆，亡C   0．14   0．27   0．26   0．11  －0．0025  －0．0065   0．002   
のOC   0．82   0．47   0．36   0．24   0．10   0．12   0．01  
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SnOWandfirnJL（c）（theparameterainTablel）were  
ad5ustedtominimizethestandarddeviationbetween  
the modelpredictions and experimentalmeasure・  
mentsaftersubtractingthelineartrends．Thebest－fit  
SmOOththeoreticalpredictionsarecomparedinFig．4  
with originaltemperature slgnals．The discrepancy  
forthefouruppersensorshasactuallythesameorder  
Ofmagnitudeastheleveloftheexperimenta］noise  
anddoesnotexceed26．Thisreliablyconstrainsthe  
surface temperature oscillations with accuracy of 
about±10C．However，inspiteoftheobviouslyclose  
amplitudes，anOticeabledifferenceinphasesbetween  
thesimulatedandmeasuredtemperaturerecordsfor  
thetwolowersensorsresultsinmuchhigherdevia・  
tions．Thelatter disagreementmaybeattributed to  
SOme additionalirregularitiesinthe sensor motions  
CauSedbyrandomanomaIiesinprecipitation．   
Itisimportanttonotethatthesimulatedtemper・  

ature fieldin the boreholeis periodicin time and  
COnSistsofthefollowingcomponents：  
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Fig．5．（a）Comparisonofthemeasured（dots）andsimulat・  
ed（solidline）amp）itudesofthedominantfirstharmonic  
intheseasonaltemperaturevariationsplottedagainst  
depth．（b）The simulated mean temperatut・e exceSS  
（curvesl）and the amplitude of the second harmonic  
（curve2）oftheseasonaltemperaturevariationsinsnow  
イirn deposits versus depth．The thick and thinlines  
COrreSPOndto N＝1and2inEq．（4），reSpeCtively．   

SeCOndharmonic aretoosmalltobedetectab）einthe  
particularexperimentstheyareimportantforgeneral  
understandingofthenatureofthetemperaturecondi－  
tionsimposedontheglacieronannualbasis．Allour  
COnClusionsdo notchangeifa moredetailedexpan・  
Sion of the mass－ba）ance f）uctuationsis used．For  
example，incaseIIforN＝2inEq．（4）theonlybut  
Sma11differencecanbefoundinestimatesof7も（com・  
parethickandthincurveslinFig．5b）．  
Duetotherapidincreaseinthemeansnowtem・  

peraturewithin the upper3－4meters of the near  
－Surface snow deposits，the simulated signalof the  
first sensor has a linear trend in temperature varia- 
tions q｝ 之 0．1¢C yr－l．AIthoughthisiswithin the  
accuracylimits of the data processing，the actual  
Shorトterm rate of the climatic decreasein annual  
temperature on theice－CaP Surface should be the  
differencebetweentheabovevalueandwhatisfound  
inthereadingsofthefirstsensorinTable2．Totally  
theestimateoftherateoftheannualsurfacetempera・  
ture decrease during the1996－1998periodis about  
－2．30Cyr‾l．  

Specialseriesofcomputationalexperimentsare  
performedtotestthesensitivityofthemodelsimula・  
tionstotherelativethermaIconductivityofsnowand  
firn＾（c），thatistotheparameterainTablel，The  
ValuesofarangefromO．4toO．6forthe±10Climitsof   

r（初＝刑㈲・見［舶妹鴨〔豊中   
β湖sin〔驚′〕］・  

The non－periodic terrn 7L counted from the mean  
annualsurfacetemperatureく7：〉andthetotalampli・  
tudesoftheharmonicoscillations（A烏2＋B々2）l′2，k＝1，  
2，areplottedinFig．5aversusdepthh．  
As could be expected，the firstharmonic domi・  

natesinthe temperature variations，andits ampli・  
tudes at different depths practically coincide with  
those（see dotsin Fig．5a）deduced from the experト  
mentalmeasurementsonaverage，at t之1yrinEq．  
（4）（Table2）．The standard deviationis about O．20C．  
Thus，based on the comparison presentedin Figs．4  
and5a，WeCOmetOtheprincipalconclusionthatthe  
detectedtempora）changesinamplitudesoftheexper・  
imental records should mainly be attributed to the 
downward movement ofthesensors and theclimatic  
trendsintheamplitudesoftheharmonic oscillations  
arenotdistinguishable．  

Anotherpeculiarity oftheheattransfer process  
revealedinthemodelsimulationsistheappearanceof  
the non－ZerO double－frequency harmonic（k＝2）in  
thetemperaturevariationsandthedifferencebetween  
the mean surface temperature〈7t）and the mean  
temperaturesin snow and firn deposits 77）．Both  
effects arelinked to theinteraction of the surface  
temperature seasonalvariationswith those of the  
massbalancerateandareillustratedbyFig．5b．Inour  
case these variations do not differ much in phase 
（Tablel）．Hence，alarger fraction of snowis ac・  
Cumulatedinrelativelywarmerperiods，andthemean  
SnOW temperatureS are higherin theinterior of the  
glacier than onits surface．Althoughthe theoretical  
Predictionsshowthatthetemperatureexcessandthe  
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Changesintheamplitude ofthesurfacetemperature  
Variations to maintain the same agreement between  
the measured and simulated amplitudes of the sea・  
SOnaltemperature osci11ationsin snow－firn deposits  
asshowninFig．5a．Thisresultconfirmstheprevious  
estjmatesgjvenbySalamatin et aL．（2000）．   

5．Conclusion  

Amathematicalmodelis developed to sinlulate  
the seasonaltemperatureVariationsin the near－Sur・  
face snow－firnStratum Of anice capin cold snow  
accumulation areas at highaltitudes．The modelis  
applied tointerpret the continuous temperature  
recordsobtainedduringthe1996－199Bperiodfromthe  
SenSOrS nOn－uniformly movingin the27－meter deep  
borehole BH－1drilledin the center of the Gorshkov  
Ice Cap on the summit of Ushkovsky VoIcano at  
Kamchatka．Theamplitudeofthesurface－SnOWtem・  
perature oscillations and the short－termlinear cli・  
matictrendarededuced．Thermalconductivityofthe  
SnOW－firn deposits as a function of the porosityis  
COnStrainedbythedataofthefieldstudies．   
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