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Abstract  

Heat balance on the snow surface oftheicefield area of San RafaelGiacier，the Northern  
PatagoniaIcefieldwasstudied．Thefouowingresultswereobtainedthroughshorttermobservations  
madeforst（）rmya王1dcalmperiodsfromJanuarytoFebruary，ユ986．   

i）TbemajorbeatsourcetermⅥraSturbtilentbeatinstormyperiodヶa‡ldradiatiomincalmperiod．  
T壬Ieirmeandailyamountandcontribtlも主ontothetota＝鹿at蔦uxwere9．OMJ／m2day（66％），and6．1  
MJ／m2day（64％）respectively．ii）Daiiyamountofとurbtlle雨beat恥ⅩVar呈edgreaもIy鉦oml－3と02¢．  
5MJ／m2day．Thisiscaused‡10tbytbeairte‡ⅥPerature，btltbythelargevariatioれOfwirldspeed．iii）  
DailyamotlntOfe珪ectiveshortwaveradiation払込drelativeまysma11variationfrom3．Oto8．8MJ／m2  
dayduetothehighsurfacealbedoandiargecioudiness．iv）Conseqlユent重y，thedailyamountofthe  
toモaiぬeat軋1ⅩtO軌eice真eidvariedgreat王yaccordingtotheamolユntOftlユrb11lentbeaとt  
Acomparisonbe摘㌢狸ntbeprese王1t或udyandpreviousworkson軌elowerareasof払eeastand  

WeStOtltletglaciersrevealedthefollowingresults．i）Theratioofthemeandailyamountofthetotal  
heatfluxtoglaciersatthethreeareas（west，icefield，eaSt）was2：1：3．ii）Percentagecontributions  
Ofradねtion，SenSibleandlatentbeattothetotalheatfluxwerethesameat豆Iet圭IreeareaS．喜ii）Daily  
amolユntOf払etotalheatfluxvariedaccordingtotheamoⅥnもOfe洋ectivesbo托WaVeradiatiorlintぬe  
east，Ofturbuientheatfluxontheicefieldandofbotheffective洩ortwaveradiationandturbuienthea七  
重uxintbe west．  

glac重er，andonthe王owerareaofSoierGiacier（Koba－  
yasもiar‡dSaito，1粥5a；Fukam主andNaruse，1987），tbe  
eas乞Wardoutletgiacier，A鮎ougbalargecontribliti（）n  
Of sens重ble壬Ieat tO t壬1e tOtalheat 幻ux as weiias  
radiationin both areas was demonstrated，the difL  
ferentclimateofthetwoareasproducesaremarkable  
eastwvest corltraStin beat ba主ance（Ohata et ai．，  
1985b）．  

OutletglaciersofNorthernPatagoniaarerougb－  
1yc王assifiedintotvoparts儀 Oneisぬeice鮎Idarea  
aboveaboutlOOOma．s．l．inelevation；andtheother  
is theiower areairlValleys．The tlVO areaS are  
distinguis‡1e8by抽eir surねce configuration：the  
ねrmerareawか払siⅥ00th＄nOⅥ㌢St汀face；and払e重atter  

1．lntroduction  

’rh＝11aj（1rheこItSOtllてPil】S川11nlerhpatbこ11；lnrP（171  
poはr type giac壬ersis u餌ally radiation，Wbiie tbe  
contribution of sensible heat becomes larger on 
maritimeglaciers（Paterson，1969）．Patagoniahasan  
extremelyⅥrarm andhumidclimatecomparedwi払  
otherglacialregions．tnspiteof汰slmiquelocaもiorl，  
onlyafeⅥrbeatbalancesttld言esbavebeendoneonthe  
No托hernPaねgoniaIce幻eldaswellasoIltbeSout‡ト  
errlPatagoniaIcef壬eld（王no11e，1983），Shorttermob－  
servations onthe Northern Patagoniaicefieid were  
madein summer on the重ower area of Sa‡1Rafaei  
Giacier（Ohata et al．，1985aき，the westvard outlet  
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area vith many crevasses orice seracs．Th野are  
alsoconlparedbytheirsl】rfaceclimaticconditions（e．  
g．Inoueetal．，1987），  

The summcr surface ablation on San Rafael  
GlacierataboutlOOma．s．l．isthreetimeslargerthan  
the ablation at aboutlOOO m（Kondo and Yamada，  
1988），Wbiletbearea of汰eice幻eid（betweenlOOO m  
and1500ma．s．l．）isaboutthirtytimesaslargeasthe  
areainthevalley（below500m）．Themostofsurface  
ablationevidently occursintheicefield area．Heat  
balanceontheicefieldisanessentialproblemforthe  
estimationofglaciermassbalance、   

1Ⅳemadethefirst壬1eatbalarlCemeaSlire汀1eTitSOn  
theicefield of San RafaelGlacier foriO days from  
JanuarytoFebruary，1986．Intheobservationperiod  
we experienced the two different typical weather 
conditions．The results and a comparisonwith the  
beaとbalancein tbelower area are discussedin tbis  
paper．  

2．Observation site and method  

SanRafaelGlacierislocatedinthenorth鵬WeStern  
partoftheNorthernPatagoniaIcefield．Themapis  
showninFig，1．Meteorologicalobservationsonthe  
icefieidweremadeた0王ⅥOcとOber26，1985toFebr11ary  
l，1986atC2（1040ma▲S．l．）onanunatak（Inotleetal．，  
1987），The ChileanAir Forcehasmadeyear－rOund  
meteorologicalobservations at BH（6m），3km far  
fromtheglacierterminus，SinceNovember1981．We  
measured theheatbalance ontheglacier surface at  
site‡i（1045m），1k王℃farfromC2，duringtwoperiods：  
PeriodIfromJanuary19to24；andPeriodIIfrom  
January29toFebruaryl，1986．Thesurfacearound  
the siteiswide andflat，andcoverdby snow．The  
SnOWCOVerWaSgOneandbareiceappearedafterthe  
observations．  

TablelsbolVStbe observedelementsarldinstru－  
ments employed．The measurements were made  
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Fig．1，Map ofSan RafaelGlacier，the Northern Patagonia  
Icefield，  
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pressureconditionsindicatedthatsensibleandlatent  
heatswerealmostalwaystransportedto theglacier  
たomtheatmosphereabovetbroughoutthe observa－  
tionperiod，Sincethesnowsurfacewasalmostalways  
melting．Thisindicationagreeswiththemeancondi－  
tionforthewholesummeratC2（Inoueetal，，1987）．  

everyhourexceptねrtbealbedowbichwasmeasured  
severaltimesaday．Netradiat主（）nWaSnOtObserved  
in Period王Iduetoaninstrumentaltrouble▲  

3．MeteoroJogicalcondition during the observation  
Period  
Table2shows the avera宮e Of daily meteoro・  

logicaldata at C2during PeriodsIandIIand the  
SummeraVerage（fromOctober26，1985toFebruaryl，  
1986〉蕾BotbairtemperatureandⅥraterVapOrpreSStlre  
inPeriodIwerethesameasthesummeraverage，and  
inPeriodIItbeywerelowertbantbesummeraverage．  
ItwasfrequentlyovercastwithlowcloudinPeriodI，  
and was occasionally fimein PeriodII．Tbemajor  
differcnces between the two Periods were foundin  
Vind speed andprecipitatio†1．Period王vasstormy  
and PeriodIIwas calm．The weather around the  
glacierisbighlyin仇ellCedbythepassageofsynoptic  
disturbances（Kondo and Nakajima，1985）．Fronts  
passed over tbe region onJanlはry20，22and24．  
PeriodIrepresentsthetypicalweathercondition on  
軌eicefieid vitb tbein幻uence of a synoptic dist11r－  
bance，a11d PeriodIIvit壬10ut．  
Thetime－Seriesofairtemperature，WaterVapOr  

pressure andwind speed at H are shownin Fig．2．  
Windspeedwasvariable，havingamaximumof16m／  
s．Thediurnalrangeofairtemperaturewassma11in  
PeriodIduetotherainycondition．Themaximum  
airtemperatureinPeriodIIwaslOOC．Watervapor  
pressurewasrelativeiyconstantduringbothPeriods・  
AsshowrlinFig．2，airtemperatureandwatervapor  

Tab】el．Observedeleme王1tS andiIiStrⅦ11entSemployed  
at site H（1045m）．  

Element   Leve王   ‡nstrumerlt   
Airtemperature  き1（1．5m）   Å∬man‡箋yCkometer   
1好atervaporpre∬Ⅵre  1持．51n）   Å公許nan鱒ye壬汀Ometer   
1Ⅳindspeed   2（0，5m，1．5m）  Three・CupanemOmeモer   
Globalradiation  1（0，2汀1）   Pyranometer   
Netradiation   1粍．Om）   NetradiolⅥeter   
Meltingofsnow  Snowstakes   

Table2、Mea‡1da軸meteoro】ogicaldata atC2（1040m）   
dllr呈ng PeriodI，P訂iodI‡and血esummeraverz唱払．  
＊：Data at H were used when r）O datais available  
at C2、  

Element   Periく感‡  PeriodI‡  SⅥmer  
翫乱路甥  び乱29ゼぬ1）  眈L26▼ぎめ．1）   

Airte！罰鱒相加でをOC）   4．3 ＊  2，8   4．9   
Waモervaporpressure（mも）  7．6 ＊  6．0   7．1  
Windspeed（m／S）   5．6 ＊  3．4 ＊   
Precipぬtionamount（mmき  34  ＊  8  ＊   19  
Cloudiness（tenth）   9．9   8．8   7，9   
Cloudぬ父（m）   104011400  1（〉40－5（）00   
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1）lTE（Jan．19 － Feb．l，1986）  

Fig．2．Airtemperature，WaterVapOrpreSSureandwindspeed  
atHdⅥririgtheobseアマa貢0罰period．  
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Wherepisthedensityofair，Cp thespeeificheatof  
air，L tbelatent heat of stiblimation and k the von  
Karman’sconstar軋 SlユffixOofT，EarldtJdenotes  
at the surface．Z。is the roughnesslength，and the  
heightZisapproximatelyl．5肌 Althoughtheatmos－  
phererleartbesl汀ねce was stable，deviationsofair  
temperature，Water VapOr preSSure and wind speed  
育omtbelogarかぬmicprofileareusuallyconsideredto  
besmallnearthesurface．Z。WaSderivedasO．07cm  
fromthcmeasurement＄Ofwindspeedattwolevelsin  
near－neutralcases assumlng alogarithmic profile．  
T。andE¢Vereregardedas8¢Carld6．1mbrespective－  
1y，becausethesurfacewasmeltingalmostallthetime  
in tbe observation period．Qp was calculated from  
theprecipitation amount and wet－bulb temperature．  
QM WaS Calculated from the surfacelowering mea－  
Suredl）y SnOW Stakes amd snow de11Sity閏ear tbe  
Surねce measured 2times 血汀ing tbe observatioIl．  
Bo払of払etimessnowdensitywasO．5Mg／m3，  
Fi郡re3sbowstbetime－SeriesofhourlyQsw，Qs，  

QLandQM・SurfacemeltinginPeriodIisnotalways  
largerindaytimethanatnight．Thisiscausedbythe  
large co戒ribution of turblユ1enもbeat幻ux（Qs＋QL，  
denotedbyQT）tothetotalheatfluxcomparedwith  
Qsw・TbeiargesurねcemeltingonJa11uary28－21，22  
and24correspondstot‡leiargeQT．InFig．2，increa－  
SeSOfairtemperatureandwatervaporpressureon  
thesedaysarenotevident．Increaseofwindspeed  
CauSed洩eiargeQT．Tbesedayscorrespondedtotbe  
passage of synoptic disturbance mentionedin the  

4．Heat balance on theicefield  

Theheatbalanceequationonthesurfacecanbe  
耶itte‡laSbelow；  

Qsw十Qいざ一十Qs＋QL＋Qp十QMニO  
Qsw＝（1－a）QG  

WhereQswistheeffectiveshortwaveradiation，QLW  
theeffectivelongwaveradiation，Qsthesensibleheat  
恥Ⅹ，QLtbelatentheatflux，Qptheheatとransportby  
raれQ鍼払eheat usedto melもST10W Orice，Q。the  
giobalradiation，and‘2 tbe surぬce albedo．Heat  
COTld11Ctiontotbesub肌Surねceiayercanber喝arded  
aszerobecausethesnowandicetemperaturewasOOC  
fromthesurfaceto30mdepth（Yamada，1987）．Each  
fluxtoward偽esuぬceistakenaspositive．  

Thegloba王radiatio王1Q。，netradiat主on（Qsv＋QLW）  
WeremeaSuredd主rectly．Thesurface albedo a was  
Obtainedたom QG and tbe re鮎cted radiation．Its  
diurnalrangewasfromO．60toO．75．Qswwascalculat叫  
edusingamean a ofO．67．QLW WaS Obtained asthe  
residue of net radiation and Qswt Qs ar主d QLⅥrere  
Calculatedbythefollowingequat主onsassumlngthe  
logaritbmic profile of air temperatureくT），Wa短r  
VapOrpreSSure（E）andwindspeed（U）．  

（T－To）U  Qs＝pCpk2  （ln（Z／Z。））2  
（E－E¢）U O．622  QL＝βLk2  
（1n（Z／Z。））Z P  
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DATE （J8n．1g －F（きb．1，1986）  

Fig．4．Dailyheatbalaneecomponentsontheiceficld ofSan  
RafaelGlacierfromJantiary19toFebrt】aryl，1986，QLWWaS王10t  
Obtajnedafterj●a！luary23．  

previous section．During thelight to weak wind  
conditioninPeriodII，QTWaSSma11inspiteofhighair  
temperatur已   
Daiiybeatba里ancecomponentsareshowninFig・  

4．ThevariationofQswisrelativelysmallfrom3．Oto  
8．8MJ／m2dayduetothehighalbedoandlargecloudi・  
ness．QLW Obtainedduring PeriodIwassma11．QT  
haslargevariationfroml．3to20，5MJ／m2day．Qpwas  
smalldue to theiow air tempeTatⅥre eVen for t壬Ie  
heavyprecipitation．Asaresult，tbedailyamountof  

thetotalheatfluxtotheglacierdependsmuchonQT・  
Thepercentagecontribtltionofeachcomponent  

totbetotalheat蔦uxt（〉thegiacierduringeachPeriod  
isshownat払erightofFig，4．inPeriodI，QTOCCupies  
66％andQsw27％，ConverselyQsw occupies64％  
andQT35％inPeriodII．AverageddailyQsw，Qsand  
QLare3．8，5．6and3，4MJ／m2dayinPeriodI，and6．1，  
2．5and O．9MJ／m2dayin PeriodIl．For allperiod，  
tわeyare4，7，4，5and2t5MJ／m2dayrespect主vely．   



Bulletin of Glacier Research 6  

Tabユe3．Dailybeat bala∝eCOmpOneれtSOn the giaciersofNortbern Paとag（事niaIcefield，  
＊：Dai】y values were extrapo】ate（】fro汀Idaytime observations．  
＊＊ニThe data was obtained as a residualterm of the heat balance．   
＊輌：Data near the observation site．  

Item   SanRafael＊   icefield   Soler   
Qsw（MJ／m2day，％）   9，5（39）   4．7  15．6（45）   
QLw   2．2桝  －8．6卜25）＊掌   
Qs   8，9（37）  4．5  11．9（34）   
QL   3．5（15）   2．5   7．1（21）   
Qp   －（－）   0．3  
QM   仙21．2（－88）   －9．6   －25．9（鵬75）   
Altitude（m）   103   1045   400   
Surface／Albdo  bareice／0＿26   snowプ0．67   bareice／0．31   
Cioudiness   9．6   9．5   5．8   
Windspeed（m／s）  2．7＊＊＊   4．7   4．2   
Period   Dec．29－Jan．1   Jan．19－23，30・Feb．1  Dec，15－29   
Literature   Ohataetal．，1985a  presentstudy   KobayashiandSaito，1985a   

December，T壬Ie eXtra【terreStrialradiation at tlle  
latittlde of470SinJanuaryis2MJ／m2day smaller  
thanin December．The difference of the effective  
ShortwaveradiationbetweenJanuary andDecember  
isconsiderdtobesmailerthanO－7MJ／m2daydueto  
tbe surface albedo．Tbein幻uence ofthe one mo‡1th  
differenceintheobservationperiodamongthethree  
Studiesmustbesmal1，andthefollowingfeaturesare  
valid．  

Major heat source components are effective  
Shortwave radiation（Qsw）and sensible heat（Qs）at  
everysite．TheratioofQswaモモhe洩reesites（west，  
icefield，eaSt）isapproximately2：1：3；andthisisthe  
SameforQs．Consequently，thetotalheatfluxestothe  
glacieratthethreesitesareinthesameratio．The  
amo11ntSare24．1，12，Oand34．6MJ／m2dayrespective－  
1y．Asa result，perCentageCOr豆riblltionsofQsw，Qs  
and QL（iatent heat）to the totalheat幻ux are ap－  
proximatelythesameatthethreesites．Qswoccupies  
40r50％ofthetotalheatflux，Qs30－40％andQL  
lO20％respectively．Almostalloftheheatisused  
forsurfacemeltinginthewestandontheicefield，but  
25％ofthebeatislo或by effectivelongwaveradia－  
tionint‡leeaSt，  

Meancloudinessandwindspeedarealsoshown  
inTable3．ThedifferenceinQswateachsitecanbe  
explained by the cloudiness and surface albedo．  
LargecloudinessreducesQG（globalradiation）inthe  
WeSta王1do11tbeicefield，and軌eiargesurねcealbedo  
reduces Qsw on theicefield．QT（turbtllent heat）de－  
pends mainly on wind speed，air temperature and  
Surface configuration．Average wind speedis not   

5．Discussion  

Inthepresentstudy，thelargeinfluenceofturbu・  
1cntheat onsummerheatbalance ontheicefieldwas  
found．We willdiscuss the difference between the  
presentresultandpreviousvorksorltbebeatbala王1Ce  
intheNortherllPatagoniaIce蛮eid．  
TheseasonalchangeoftheheatbalanceonSoler  

Glacier fromlate spring（Novemberl－5）to early  
Summer（November25－29）waspresentedbyFukami  
andNaruse（1987）．Althoughfineweathercondition  
COntintledthrougholユtthelatterperiod，theys壬iOWed  
theseasonalchangeoftheheatbalance．The total  
heatfluxtotheglacierintheformerperiodwasabout  
halfofthatinthe】atterperiod．TheeastWeStCOnト  
rast of the mid－Summer heat balance onthelower  
areaofbo払SanRafaelGlacierandSolerG王acierⅥraS  
discu∬edbyObataetal．（1985b）．Totaiheat幻uxto  
the glacierin daytime was50％largerin the east  
（Soler）thaninthewest（SanRafael）．Theyconclud・  
ed that the difference is due not to radiation but to 
turbulent heat．  
Daily beat t〉alance componentsin mid－Slimmer  

OVertbeNor血ernPatagoniaIce貞eidarecomparedin  
Table3．Averagevaluesofthepresentresultforthe  
Wholeperiodarecomparedwiththepreviousworks，  
Since synoptic disturbances passed over the region  
during their observation periods．The observation  
period oftIle preSent Studyis one mon汰Iater tharl  
theirperiods．TheeffectofthisdifferenceisevaluatY  
edasfollows．Themonthlymeanairtemperatureat  
BHinJanuaryis only one degree higher thanin  
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agreements betweenindependently calculated total  
heatfluxtotheglacierandheatsinksuggeststhatthe  
Cbangeoftbepercentageoftilefree－Vaterissmail．  
Theresultofthepresentheatbalanceanalysisshowed  
the slightly possitive value of daily mean effective  
longwave radiation（QLW）in PeriodI．Ohata et al．  
（1985a）alsoobtainedthepossitivevalueofQLWatthe  
lowerareaofSanRafaelGlacier，Butthisresultmust  
betreatedcare餌Ily，becallSethevaiuewasobtained  
astheresidueofnetradiationandeffectiveshortwave  
radiation，andtheabsolutevalueissmall．   

In the further study of the heat balance on the 
icefieldofPatagonia，theabovepointsshouldalsobe  
solved．  

Smallon theicefield．The major reason for the  
decreaseofQTOntheicefieldcanbeattributedtothe  
lower air temperature tha‡ltbat of the other area．  
Rot喝hsurねceconfigurationsuchasseracsaIldcre－  
VaSSeSinthelower area may also contributeto the  
difference．The same percentage contributions of  
Qsw，Qs andQLtOthetotalheatfluxbetweenthesite  
Ontheicefieldarldinthelowerareasiscausedbythe  
lowvalueofbotbQswandQTOntheicefieid．  

Remarkabledifferentfeaturesinheatbalanceon  
theNorthernPatagoniaIcefield arealsorevealedin  
thethree areas．Daily amountand variation ofthe  
totalheatfluxtotheglacierinthewest aregreatly  
dependentonshortwaveradiation，Ontheicefieldon  
ttlrbuie†ltbeat，andirltbeeast onbothcomponents．  
ThevariationofQsw wassmallonly ontheicefield  
duetothehighsurfacealbedo．QTisproportionalto  
the product of wind speed and air temperature as  
Shownineq．（1）．Inthewest，Since downwardglacier  
windwaspredominarltandthereisarlegativecorre－  
latio11betweentbewind speed and air temperature  
（Inoue，1987），thevariation ofQTis small・On the  
icefield，Wind speed changedindependently of air  
temperature・Synopticwindsystem，Whichwasquite  
variable，prOdlユCedthelargevariationinQT・Inthe  
east，a f8bn sometimes occurred（Kobayashiand  
Saito，1985b），血owingapositivecorrelationbetween  
thewindspeedandairtemperature．Consequentlya  
largevariationofQTWaSprOduced・  

Thispaperdescribesthefirstheatbalancestudy  
On theicefield of the Northern PatagoniaIcefield．  
The observation period andtheinstrumentationare  
insufficient，duetothelogisticdi拝icultiesofgetting拍  
theareaandthelackofthemeteorologicalandglacio・  
logicalinformations．Wemakebriefdiscussions on  
the accuracy of the present heat balance measure－  
ments．   

Intbecalclliationbyeqs．（1きand（2き，VeaSSumed  
thelogarithmic profiles of the turblユ1ent elements．  
Sincetheairtemperaturewaspositivealmost allof  
theobservationperiod，theatmospherencarthesur－  
face was st：able．But we consider that the effect of  
thestabiiity onwi‡1dprofilenearthesurfaceissub－  
Stantiallysmall，becausetIlerOtlghnessle‡感hofthe  
Surfaceis small．We colユ1d not measure frequentiy  
the depth¶density profile and the percentage of the  
free仙Waterinthesnowlayer．Possiblechangeofthe  
percentage ofthefree皿Waterintroducesthe estimat－  
ingerroroftheamountofthemeltingofsnowinthe  
Caまclユiatingmetbodofthispaper．However，tilegOOd  
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