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Abstract  
ThefirstradarsoundingmeasurementsthrotlghglaciericeinPatagoniaarereported†These  

meLaSureme11tSWereCarTiedoutinI）t？Cenlbtlr199OonT）▼ndallGlacier，an8k11トWidetemperateglacier  
OntheSouthernPatこIgOniaIeefield．Twosimilar＼▼erSionsofanimpt11seradardesiglledtopenetT・ate  
temperateicewereused．Icethicknesswasmeastlredsuccessfullyatsevensitesacrossatransverse  
profileintheablationarea．Aparabolicprofileoftheglacierbedwasobtained，withamaximum  
thicknessof616matstationT7，located3kmfromtheleftmargin．Nobottomreflectioncouldbe  
Observed beyond station T7－ We conclude thatthelarge thickness of temperateice of Tyndall  
GlacierexeeedsthedynamicrarlgeOftheradar．  

1．1ntroduction  

The Southern Patagonialcefield（SPいhas an  
areaoflこミOOOkn13（NaTuSeandAni）▼a．199コ）andranks  
asthelargesttemperateglacieroftbesouthernhemi－  
Sphcre（Fig，1）．Inspiteofitslargeextentandimpor・  
tanceasasensitiveindicatoroftheclimaticchange，it  
hasbeenpoorlystudiedinthepast．  

An extensivedata set hasbeen obtainedforthe  
NoれhernPatagoniaIcefield（N‡｝王）bytheGiaciologi－  
CalI‡esearch Projectin Patagonia（GRPPlthrough  
groundandaerialsur柁ySCarriedoutduri‡唱1983to  
1986（Nakajima，1985；1987）．TheNP‡islocatedlOO  
km north of the SPIand has an area（）f黒潮Ikm：  
（Aniya，198乳 Oneofthemainresu鮎ofGRPPwas  
也aもmostoftbeoutietglaciersin払eNPIbavebeen  
thinningandretreatingstronglyinthepastfewdec－  
ades（Aniya andEnomoto，1986；Aniya，1988）．This  
prompted usto startin1990a project to study the  
extentandcausesforongolngVariationsofglaciersin  
theSoutherrlPatagonialcefieldasapossibleresponse  
モOClimaticcharlgeS（NaruseandÅn主ya，1992）、  

T‡le GRPP projectirlCluded gravity surveys on  
Soier Giacier，Nef Glacier and theicefield．From  
thesegravity dataicethicknessvaiuesin excessGf  
lOOOmwereobtained（Casassa，1987），Howevertbe  
POOr aeL：urael・Ofthis tet：hnique wasT’eeo釘1izビd；lS a  
父riouslimitationforgiacioio由Calstudies．Tbe1990  
project to study glacier variations provided a good   

OppOrtunitytomeasureicethicknesswith themore  
accurateiceradartecbniqt妃，Tbeseiectedsitewas  
T〉11dallGl；lCier．1ocatedon thesouthビaSterlledgeof  
thpSt）tltherTIPataぎー）niaIcefi抽＝Fig．1）．   

2．1ce radar  

Patagonian glaciers are temperate and have a－  
bundantmeltwater，Therefore，a radardesignedto  
pビntItrate tenlperatt？iceis neeessary．WaterillCluL  
Sionswithinttleieeproducealargt｝SCatteringofradio  
WaVeS．Basedonscatteringtheory，WattsandEng－  
land（1976）suggested criteria for designing 
l‾adarforteml貯rateiee．Thビyfoundthatscattering  
isき汀eatiyreducedat虫・equenCiesbelowlOMHzく3（）m  
WaVeleng払inair）wbicb主smuchgreatertbantheir  
pr－edictedsizeofthescatteringinclusions（1m）．The  
firstradarfortemperateicewasdevelopedbyVick・  
ers and Bollen（1974）under contract to the U，S．  
GeologicalSurvey（USGS）andwastestedsuccessfully  
atSouthCascadeGlacier，Washington，andColtlmbia  
Glacier，Aiaska．   
Tworadarstbatわ1lowtbe tJSGS desi卯Were  

used．OneisconstrtlCted at TheOhio StateUniver・  
Sity（OSU）†USÅ，andconsistsofa12Vpowerunitand  
atransmitterbuiitinthesamebox．Tbeotberradar  
isbuilt at St．Ola＼▼College（STOC）．Minnesota．USA．  
and consists of a紀parate30V power11‡1it arld a  
transmitter．Bothproduceashorトpulsevoltage＄tep   
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3．Soundingtechnique  

Åtypicaiexperi汀Ient COnSisted ofiaying tbe  
traIISmittingandrecelVlnga11tennaSOntbeiceparailei  
to glacier flow．Antenna separation was45汀L A  
few times the antennas had to be laid over water 
－filled crevasses．The osci1loscope was coupled to  
thereceivingantennathroughabalun．  

Onepersonoperatedthetransmitter，Switchingit  
onforashortperiod，Whileanotherpersonrecordcd  
the waveformat the oscilloscopewith a standard  
photographic camera．The oscilloscope was a  
HitachiV－209andasimplemo11ntWaSuSedfortaking  
pictures．Takingpictureswasnotaneasytaskd11e  
totbehighre幻ectivityoftbeglaciersuゴace．  
DipoiehalトIenがhs（g）of20mand48mwereused  

to evaluate the performance of different antenrlaS．  
Thecenterfrequency V）in MHz ofthetransmitted  
Signalisgivenbythefollowingempiricalexpression  
（Hodge，1978）：  

／＝50／J．  （1）   

Thisresultsinfrequenciesof2，5andl．25MHzforthe  
halトdipolelengthsof20and40mrespectively．   

4．Results  

Radarso11ndiilgSWereCa汀iedoutontwelvesta－  
tionsalong a transverseprofile on TyndallGlacier．  
TheyarestationsTltoT12inFig．1andcorrespond  
to the survey Stations measured by Kadota et al，  
（1992）．  
Astandard radar waveformis shownin Fig．2，  

WhichwasrecordedwiththeOSUradaratGuliyaIce  
Cap，China（Thompson，perSOnalcommunication）．  
Both the surface（S）and reflected（R）waves are  
clearlyseeninFig．2．Thesurfacewaveisideallya  
Single（mor10ptll父）waveくpeaksland2），butinprac－  
tice a second atterluated surねce wave also appears  
（peaks3and姐 However，duetoalackofdelaytime  
oftheoscilloscopeusedatTyndallGlacier，themain  
partofthesurfacewavewaslostinallthedata．A  
typicalwaveformrecordedatstationT20nTynda】l  
GlacierisshowninFig．3．Inordertoaccountforthe  
zero－timeuncertaintyintroducedbytheoscilloscope  
delaytime，Ourdatawerecomparedtothecomplete  
waveform of Fig．2．Peaks3and40f the surface  
waveofFig，2appeartoco汀eSpOndtopeaks3and4  
0fFig．3．Si！lCetわet主mebetweenpeaks3a王道40fthe  
Guliyaa11dTyndallsudacevavesisverysimiiar，tbe   

Fig．1，MapofTynda11Glacier（source：1：100，000scalemap   
Parque NacionalTorres delPaine，Sociedad Turistica  
KaonikenLtda．1990．a andβaregroundcontroipoints．   
Radarso11ndingswerecarriedoutatstationsTltoT12，but  
bottom reflectio‡】S Were Oniy obtained up to station T7．  
TilelineatstationTlOreprese王1tS琉emedialmoraine，  

OfafewhundredvoltsinampiitljdeⅥFhicbisradiated  
byaresistivelyloadeddipoleantenna．Thereceiver  
COnSistsofanidenticalantennacoupledtoanoscillo－  
SCOpefromwhichdatawerecapturedwithastandard  
photographiccamera．  

The OSU radar has been used extensively for  
determiningbottomtopographyoftropicalglaciersof  
PeruandChina（Thompsonet al”1982；1988）．The  
STOCradarhasbeenusedtostudythewatercavities  
inVariegatedGlacier，Å1aska（JacobelandAnderson，  
1987），a涙重has also been testedin‡ce Stream B，  
Åntarctica（Jacobelg≠虎乙，198乳  
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Thefoilowingexpressionwasusedforcomputing  
icethickness（Watts andIsherwood．1978巨  

（2〉  

wh訂eCisthespeedofligbtinvacuum（3×188m／s），£f  
is払e dielectric pemittivity ofice（3．17），Sis the  
separation distance between the transmitting and  
receivingantennas（45m），andDistheicethickness  
assumingaplane－1ayeredgeometry．  

Tablelsummarizesthedifferentradarmeasure－  
ments performed at each station．The coordinates  
andelevationsofthestationsarefromKadota et al．  
（1992）．Theradarmodelandantennahalf－1engthare  
indicated．A traveltime tis measured for each  
reflected peak asexplained above．Icethicknessis  
calculatedfromthetraveltimesusingequation（2）．  

ReflectionswerestrongandclearforstationsTl，  
T2andT3，withamplitudesrangingfrom75mVto20  
mV（Tablel）．Thereflectionsweakenedsubstantial－  
1yforstationT4，Wheretheamplitudewas5mV．At  
stationT7thereflectionhadanamplitudeof2mV，  
whicbisbarely王argerthanthenoi班1evel（Figs．4a  
and4b）．Beyond station T7no reflection could be  
observed．  
Asist‡1eCaSeWitb払esl汀facewave，thereflected  

wave consistsinge11eraloftwo vaves ofdecaying  
；lmplitude．ln half of the measurements the anlPti－  
tudeofthesecondwave（peaks3’aIld4’inFig．3）is  
comparabletotbatofthefirstwave（peaksl’and2’in  
Fig．3）．ThesewaveformswillbenameddotiblereT  
flections，aSOppOSedtosinglereflections，i．e．where  
theamplitudeofthesecondrenectedwaveisnegligi－  
ble． Fordoublereflections，traVeltimewascom－  
putedforbothpeaksofthefirstandsecondreflected  
waves，Obtainingintotalfourtraveltimes． Travel  
timesareexpressedasatimeintervalinTableland  
aserrorbarsoficethicknessin Fig．5．The、maXi－  
mumicethicknessobtainedis582to616matstation  
T7．AscanbeseeninFig乳4aand4b，thesignal－tO  
－nOiseleveloftherenectedwaveatT7isveryclose  
tol，eSpeCiallyforthereflectionoftheSTOCradar．  

Unsuccessful radar measurements were carried 
out at stationsT8to T12．Severalantenna orienta－  
tions were tried，aS Wellas two different antenna  
lengths，butnobottomreflectionwasobserved．The  
near－parabolic profi重e of Fig．5suggestsincreased  
thicknesses beyond station T7．Theseiarge thiekT  
neses probably atとenuate tbe boとtom re員ection to   

lo．1V  
一■■■ 0・51持  

Fig．2．WaveformrecordedatSite563at6200monGuliyaIce   
Cap，China（Lonnie Thomp＄On，perSOnalcommunication）．  
S denotes the surface wave and R the reflected wave，  
Peaksland20fthesurfacewavecorrespond topeaksl’  
and2’ofthereflectedwave．  
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Fig．3．Waveformr∝Orded at station T2with the OSU2   
radar．Thetimescalefortheupperandlowerwaveforms   
isidentical．Theonlydifferenceisthat theupper wave－   
formisamplified10timesinthelower waveform・The  
dottedlineisthesurfacewavethathasbeenreconstructed   
fromFig．2．Numbersindicatecorrespondingpeaksindi－   
catedonFig．2．Peak4’practicallycannotbedistinguished   
inthisparticularwaveformq AvalueofOA／‘Sisobtained  
fortheinterva＝）etWeenthezerotimeandthethirdpeak（3）  
ofthesurfacewave．Thetraveltime tismeasuredfrom   
peakltopeakl’，peak2topeak2’，andsoonforpeaks3  
and4．  

Tyndallsurfacewavewasreconstructedbyassuming  
identicalsurface wavesin both records．Travel  
times（t）ofthewavereflectedatthebedwerecom－  
putedastbetimeintervalbetweentbe匹aksoftbe  
recon或ructedslⅣfaceⅥraVeandco汀eSpO王1dingpeaks  
ofthere幻ectedwave，aSShowninFig．3．  
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suchextentthatitcannotbe detectedwiththeradar  
SyStemuSed．  

5．Discussion  

A single reflection suggests a smooth bed．A  
doublereflectionsuggestseitheraroughbedorscat－  
teringabovetheice－bedinterface．Halfofthedata  
showadoublereflection．Ifthisdoublereflectionis  
indeedduetotheroughnessofthebedorscattering  
abovethebed，WeWOuldalsoexpectadoublereflec－  
tionwhenperformingrepeatedsoundingsatthesame  
Sitewithadifferentradarorantennalength．Infact，  
atstationsT2andT7bothsingleanddoublereflec－  
tions were obtained during repeated measurements．  
AtT7thisisnotmeaningfulduetotheverylowsignal  
－tO－nOiselevel．ButatT2thesignal－tO－nOiseratiois  
quitelarge，Whichsuggeststhatthedifferentreflected  
waves obtained are related to slight changesinthe  
antennaorientationwhenperformlnganeWmeaSureT  
ment．This highsensitivity of the reflected wave  
COuldbeduetolargechangesinbed roughness and  
scatteringabovetheice－bedinterfaceatsmallspatial  
scale．  

1 0.5 V 
■‾■■ 1．0〃S  

1 5.0 mV 
Fig．4a・Waveformobtainedat stationT7withthe OSU1  

1 5.0 V 

－■1．0〃5  

l5・OmV  

Fig．4b．Waveform obtained at station T7with the STOC   
radar．Risinterpretedtobethebottomreflection・The   
timescalefortheupperandlowerwaveformsisidentical・   
theonlydifferencebeingtheamplitudescale・  
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Fig．5．CrosssectionofTyndallGlacier．Closetothemargin  

thebedhasbeenextrapolatedwithadashedline．   
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Thephaseshiftbetweenthesurfacewaveandthe  
reflectedwaveforatypicaiglacierbedisexpectedto  
be1800becau＄erOCkis avery goodcond11CtOrCOm－  
paredtotbehighlyresistiveic已 However，mOStOf  
tbepbase洩iftvaluesshoⅥ7ninTablelareげ．Jezek  
andT壬10mpSOn（1982）reportanear－ZerOp壬IaSeShift  
Va王ue for Pemvian glaciers．Th野Obtained a near  
－ZerOpbaseshi魚foraparticulartypeoftlユffusinga  
two－1ayerandathree－1ayermodelincllXlimgairand  
Water．AtstationT2phaseshiftsofぴand1800are  
Obtained．Again，thiscouldindicatelargevariations  
inconditionsatthebedatsma11spatialscalc．  
Antennashavingdipolehalf－1engthsof20and40  

mwereusedatstationT2，Nosignificantdifference  
intraveltime or reflected amplitude was obtained．  
Thesimilarvaluesofreflectedamplitudessuggestno  
significant change in attenuation between wave- 
lengthsof2．5andl．25MHz．  
TheOSUradarperformedslightlybetterthanthe  

STOCradarindeeperice．Atstation7thereflected  
WaVe amplitude ofthe STOC radar（Fig．4b）is the  
Same aS the noiselevel，Whereas the OSU wave  
amplitude（Fig．4a）is slightlylarger than the noise  
level．  

Aparabolicincreaseinthicknessandrapidde－  
CreaSein reflectedwave ampiitudeareobservedto－  
Wardtbecenterofthegiacier，andtbere魚ectedvave  
disappearedcompletelyatstationT8．Tbissugge或S  
thこIt the eleぐtrOma訂Ietic＼VaVeis attenuated almost  
COmpletelywi払icethicknessesinexcessof600mfor  
血etworadarsu父d．HoⅥreVer，icetbicknessesupto  
l粥拍rn bave been recorded with a similar ground  
－basedradaratColumbiaGlacier，Alaska（Wattsand  
Wright，1981）．ThissuggeststhatatTyndallGlacier  
thereismoreattenuation，absorptionorscatteringof  
radiowavescomparedtoColumbiaGlacier．   
Onewayofincreasingthedynamicrangeofthe  

radaristoincreasethetransmittingpower，Another  
easiersolutionistouseadigitalstorageosci1loscope  
andstackseveralwaveformstoincreasethesignaトto  
－nOiselevel．Thistechniquei＄beingplannedforthe  
SeCOndphaseofthisfieldproject．   
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Table 1 

ST  DIS’r．  RADAR  蔓ÅNT．  P‡iASE  T王M二E  TH‡CKNESS  
呈LENGTモ壬   SHIFT   

PEAKi  一    叫PEAK3   －PEAK4  
仙 deg，   mV   ＃S   βS   

1  240  OSU－1   28   0   75   1．3－1．7  1，4－1．8  119【153  128▼162   
T：三  654  OSU－1   20   0   75   2，4－2．8  2．4－2．7  213肘246  213－238   
Tこヱ  654  OSU－1   40   180   60   2．2   2．2   196   196   
T：さ  654  OSU－2   40   180   75   2．0－2．5  1．8－2．3  179－221  162－204   
T2  654  STOC   40   0   40   2．3   2．3   204   204   
T3  1100  OStト1   40   0   20   4．0   3．9   339   347   
T4  1520  OSU－1   40   0   5   5．2－5．7  5．2－5．7  448¶490  448－490   
T5  1930  40   0   4   6．2－6．7  6．2－6．6  5321h，574  

2376   40   0   6．9   6．9   591   591   
T7  2890  OSU－1   40   0   2   7．1   7．2   608   616   
T7  2890  STOC   20   180   2   6．8－7．1  7．0山7．2  582w608  599－616   
JⅥ）teS：Distances are measured from theleft margin of TyndallGlacier．OSU…1and OSU－2 are two  

identicalmodels of the Ohio State University radar．STOCis the St．01av College radar．  
Antennalengths represent half－dipolelengths．For a single reflection．traveltimes are measured  
between corresponding peakslandl’（PEAKl）and peak2and2′（PEAK2），and similarly for  
peaks3，3’and4，4’，Of the stlrface and reflected waves respectiveiy．When a double ref7ection  
appearso11魚ewaveわrm，traVeltimesarecompt】tedbetweencorre＄pOrldimga11dthere封ectedwave  
rcspectively andi主s expressed as a range．The only exceptionis at station Tl，Where the range  
in timearldthicknessrepresentsant汀にertai王ttydljeiopoorcorrelatior10ftbesurぎaceaれd refiected  
WaVe peaks．Ice tbickness was complユted t‡Sirlg eq．2．   
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