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Introduction

TheWestAntarcticIceSheet(WAIS) is theonly remainingmarineicesheetfrom
the last glacial period. The bed is primarily below sealevel and slopesdown
from thecoastto the interior. It hasbeenhypothesizedthat the ice sheetmaybe
susceptibleto run-away groundingline retreat[Weertman, 1974] leadingto rapid
disintegrationandsealevel rise. Werethe WAIS to completelymelt, the water
releasedis sufficientto raiseglobalsealevelby5–6meters.Thelikelihoodof such
a scenario,andtheice sheet’s sensitivity to climateforcing aretopicsof ongoing
research.It is clear, however, thatclimateandice dynamicsinteractin complex
ways,with influencefrom thegeologicboundaryconditionsandatmosphereand
oceaniccirculationpatterns.Thegroundingline positionandnetbalancearekey
parametersfor observingice sheetchanges.Thosedata,whencombinedwith
accuratebasalenvironmentinformation,arecritical for supportingmodel-driven
hypothesisconcerningtheresponseof theWAIS to climate-changeandsea-level
change[Hughes, 1975;Mercer, 1978].

Ice dischargesfrom the WestAntarctic Ice Sheetto the sealargely by three
majordrainagesystems:theicestreamsof theSipleCoast(ice streamsA-E) that
flow into theRossIce Shelf,theicestreamsthatflow into theFilchner-RonneIce
Shelf (Rutford Ice Stream,CarlsonIce Stream,FoundationIce Stream),andthe
large ice streamsthat flow directly into theAmundsenSea(PineIslandGlacier,
ThwaitesGlacier;Figure1 is a Radarsatimageof the region). The ice streams
�
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of theSiplecoastandtheRossIce Shelfhavebeenstudiedby many investigators
(mainly undertheumbrellaresearchinitiativessuchasRIGGS/RISP1, SCP2, and
WAIS3) ashave the ice streamsflowing into the Filchner-RonneIce Shelf (un-
dertheumbrellainitiativeFRISP4). Duein partto logisticaldifficulties,therehas
beennocoordinatedeffort thusfar to understandthedynamicsof iceflowing into
theAmundsenSeaEmbayment.We identify threeoverarchinggoalsfor coordi-
nated,multidisciplinaryresearchon thePineIsland/Thwaitesdrainagesystemof
theAmundsenSeaEmbaymentof WestAntarctica

1. Establishits massbalanceandhow it haschangedthroughtimeandunder-
standicedynamicsthatmaybeuniqueto this system.

2. Quantifyits boundaryconditionsin afashionsuitablefor 3D icesheetmod-
elsandatmosphere/ocean/icemodels.

3. Determineits sensitivity to oceanographicandmeteorologicalforcing.

Overview

Much of theice in thenorthernmostdrainagebasinof WAIS, theAmundsenSea
Embayment,flowsthroughPineIslandGlacier(PIG)andThwaitesGlacier(TG).
Theflow mechanismfor theseglaciersis probablydifferentthanthatof theRoss
ice streamsandtheFilchner-Ronneice streams.Thesetwo glaciersaccountfor
approximately5% of theice dischargeof theentireAntarcticIceSheet[Vaughan
andBamber, 1998]andthereis increasingevidencefor rapidandrecentchanges
in their flow behavior (Figure2 shows thedrainagebasinsfor theglaciersof the
region; from Vaughanetal. [in press]).Thecatchmentsof theseglaciersaredeep
(approaching2 km below sealevel in theByrd Basin)andthey discharge to the
seain deepembaymentsof relatively warm watersuggestingthat they may be
particularlysensitive to oceanicinfluences(Figures3 and4 show thesurfaceand
bedelevations,respectively). Theaccumulationratesaresomeof thehighestin
thecontinent(comparableto thoseof theAntarcticPeninsula)suggestingthatthe
glacierswould besensitive to changesin precipitation,stormtracks,andsea-ice
cover. Sedimentcorescollectedontheoutercontinentalshelfshow thatgrounded

1RossIce ShelfGlaciologicalandGeophysicalSurvey; RossIce ShelfProject,Thomaset al.
[1984];Bentley [1984]

2SipleCoastProject,1983–1994,seeSipleCoastSteeringCommittee[1988]
3WestAntarcticIceSheetProject,ongoing,seeWAISWorking Group [1995]
4Filchner-RonneIceShelfProgram,ongoing,seeFRISPReportSeries
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ice extendedto the continentalshelf breakin the AmundsenSeaduring the last
glacialmaximum. The last deglaciationwasrecentandrapid [Kellogg and Kel-
logg, 1987]sincepostglacialsedimentsontheoutershelfaremuchthinnerin Pine
IslandBaythanontheoutershelfof theRossSeaShippetal. [(submitted].If sed-
imentationratesof 10 cm/aareassumedthedeglaciationcouldhave occurredas
recentlyasa few thousandyearsago.

Mass Balance and Ice Dynamics

ThePIGandTG catchments(togetherwith thesmaller, slow-moving “ridge PIT”
betweenthem) cover approximately350,000km

�
and extend 600 km in from

the coast. Both PIG andTG areformedby a numberof smallertributariesthat
coalesce70–100kmfrom thecoastinto well-definedice streams.Theflow speed
at the junction areais approximately1 km/a rising to 2 km/a at the grounding
line andrising still higherto 2.5 km/a [Luchitta et al., 1995] on the floating ice
shelf.Thedriving stressin thetributariesis approximately50kPa,rising to � 100
kPa nearthegroundingline [Bentley, 1987], leadingVaughanet al. [in press]to
suggestthatthetributariesareakin to ice streamsandthemainglacierakin to an
EastAntarcticoutletglacier.

Thesubglacialtopographyandcharacterof theAmundsenSeaEmbaymentis
poorly known. Traversedataandwidely spacedradarsoundingflight lineshave
delineatedthe broadoutlinesof the basins,highlands,andsubglacialridgesof
WAIS [Drewry, 1983]. A more-recentsurvey from Siple Stationshowed com-
plex subglacialcharacter(roughness,internallayering,andtopography)alonga
line that crossesfrom inland ice onto a tributary andthenonto the main part of
PIG[Vaughanetal., in press].Thetributaryappearsto sit in awell-definedtrough
that extendsdown into the main trunk of PIG andhasa substantiallysmoother
bed thanthat of the inland ice. However, a large sill or shelf at the grounding
line forcesa large increasein driving stressasthe glacierapproachesthe coast.
Clearly thegeologyof this region playsanimportantrole in theconfigurationof
thePIG/TGtrunksandtributaries.

The massbalanceof the region is poorly known andthe few measurements
areat odds. Thebestestimatefrom comparisonsof accumulationanddischarge
suggesttheregion is slightly out of balance( �����
	���	 Gt/aor a surfaceelevation
changeof -1.5–3cm/a)[seeVaughanetal., in press].Winghametal. [1998]mea-
suredthesurfaceelevationdirectly from ERS-1altimetryandsuggestsa surface
lowering of -11 cm/a for the time period1992–1996for the TG basin. Bentley
andGiovinetto[1991] calculatedanoverall positive massbalancefor Antarctica
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of 40–400Gt/a,but assumedapositivebudgetof 50Gt/afor thePIGbasin.Jenk-
ins et al. [1997] recalculatedtheir overall massbalanceassumingthe PIG basin
wasin balance,andobtainedarangeof ��
�� to +230Gt/a. If in factthePIGbasin
hasa largenegativebalance(assuggestedby Winghamet al. [1998]), theoverall
budgetfor Antarcticawould rangefurthernegative.

Ocean Interactions

Jenkinset al. [1997] describeoceanographicconditionsfor PIT andTG thatare
distinctfrom thatof theRossandtheFilchner-RonneIceShelves.PIGdischarges
into a400–500m deepbaywith a1 km deeptroughcarvedinto theseabedalong
its southernedge. The troughis filled with CircumpolarDeepWater(CDW) at
depthsgreaterthan800m,but theshallowerwatersareinfluencedby glacialmelt-
water. Thetemperaturealongtheice front is above thefreezingpoint suggesting
thatall theavailableheathasnotbeenusedfor melting[Jenkinsetal., 1997].The
seabedbeneaththeice shelfshoalsby 200m betweenthegroundingline andthe
ice front [Crabtreeand Doake, 1982] andthe continentalshelf to the north and
westhasruggedtopographywith many potentialpinningpointsfor amoreexten-
sive ice shelfor amoreadvancedgroundingline. A decreasein CDW circulation
in thePIG baywould dramaticallyincreasethe ice shelf thicknessandleadit to
quickly ground.

In the RossandWeddellSeas,CDW is excludedfrom the continentalshelf
by cold, salty, densewater beneaththe growing seaice. The differencein the
AmundsenSeaappearsto be the low surfacesalinity due to high temperatures
and high precipitation,low sea-iceremoval, and (in a positive feedback)high
basalmelt ratesof the ice shelves. Jenkinset al. [1997] speculatethat the PIG
ice shelfconfigurationwould have beenthenormduringglacialperiodsbecause
the fringing ice shelvesof a much-expandedice sheetwould interactwith warm
CDW overa largerpartof theicesheet’sperimeter. ThusthemodernPIGandTG
discharge frontsmaybegoodanalogsfor typical ice front conditionsduring the
glacial.

Climate Interactions

TheSouthPacific is aparticularlyimportantareafor datacollection,bothfor con-
strainingand initiating any GCM intendedto produceaccurateresultsfor West
Antarctica.In addition,thehigh accumulationrateswill producehigh-resolution
paleoclimaterecordsthat will addressquestionsof anthropogenicchangein cli-
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mate. Most of the precipitationin West Antarctica crossesthe coastsof the
Bellingshausenand AmundsenSeas. A persistentlow-pressurecenteroff the
coastin the southeastPacific facilitatesinland moisturetransportandcausesa
peakin ice accumulationalong the WestAntarctic coastandat the interior di-
vide [Bindschadleret al., 1998]. Therearecurrentlyno meteorologicalstations
in the interior of the AmundsenSeasectorof the WAIS thus compilationsof
accumulationor temperaturelack the level of detail neededfor accuratemodel-
ing [Vaughanet al., in press].Resultsof fully coupledGCMsmustbequalified
by thecurrentlackof datafrom muchof theregion.

Dynamic Behavior in a WAIS Context

Thefollowing observationshavebeenmadefor thePIG/TGsystem.
� Luchitta et al. [1995] suggestthatthefloatingportionof TG is speedingup

(basedon featuretrackingin LandsatimageryandSAR images).

� Rignot[1998]hasshown thatthegroundingzonesof bothof theseglaciers
hasretreated.Thegroundingof PIG is complex but thesimplestinterpre-
tationof thedatais thatthegroundingzonehashadepisodicretreatsin the
period1992–1996;theaverageretreatrateis 
����������
���������! #" .

� Winghametal. [1998]usedERSradaraltimetryto show thatthelower150
km of PIG is thinningat 
�
$�%
 cm/a.This thinning is mostpronouncedin
theTG basinbut extendsacrossthewholeregion. Thecauseof thisthinning
is not clear.

� The PIG ice shelf hasa large basalmelt rateof 10–12m/a [Jacobset al.,
1996;Jenkinset al., 1997], more thanan orderof magnitudelarger than
mostAntarcticiceshelfbasalmelt rates.

� Theicefronthasretreatedin thelast100yearsatapproximately1km/a[Kel-
logg and Kellogg, 1987], but is currently stableor readvancing[Jenkins
et al., 1997].

In summary, the PIG and TG are not in steadystate. The magnitude(and
even sign) of the changeis poorly known, but the datasuggestthe ice streams
arespeedingup and their groundingzonesare retreating. The PIG ice shelf is
disintegratingrapidly andtheTG ice shelf is gone.Thecatchmentsareprobably
stronglyout of balanceandthinning. We do not yet understandthe implications
of theseobservationsfor theWAIS.

Version 0.7 5



CoordinatedResearchin theAmundsenSeaEmbayment

Science Approach

WAIS/FRISPand previous large-scaleumbrellaresearchprojectssuchas SCP,
GSIRE,andRISPhaveshowntheneedfor multidisciplinaryresearchthatincludes
meteorology, glaciology, geology, ice-coring,andoceanography. The logistical
difficultiesin studyingthePIG/TGsystemfavorsanintelligentlyphasedsequence
thatallowsefficiently targetedwork leadingfrom satellite-basedwork to airborne-
to ground-work to drilling andsampling(seeWAIS SciencePlan). Whetherthe
field work will be performedfrom the a vesselin the AmundsenSeaor by LC-
130 supportedfield campon the ice sheet,or somecombinationof thesetwo
approaches,mustbedecidedafterthedetailsof thescienceplanarebetterknown.

Thework canbedividedby “platform” or by discipline,but mustbejustified
in light of the overarchinggoalsabove. Here we list the work by platform in
parallelwith theexistingWAIS SciencePlan.

Satellite Satellite-basedwork hasbeenthe first priority for this region. Both
catchmentslie northof 79& Sandarethereforefully-imaged.Existingsatel-
lite measurementshave given high resolutionmeasurementsof elevation,
surfacereflectivity, surfacevelocity, visibleandburiedfeatures,andbright-
nesstemperatureamongothers. In the future,GRACE gravity andGLAS
surfaceelevation observationswill be available. Thesemeasurementsare
crucial for establishingthe currentstateof the ice sheet,ice shelves,sea-
ice, andtheglaciers,with thekey databeingsurfaceflow andelevationat' 1 km grids. Theprimaryadvantagesof thesatellitework is that thedata
coverthewholeareaathighresolution(metersto km-scale)while requiring
low field-logisticscosts.All satellitemeasurementsshouldcontinuefor the
lifetime of theproject.

Meteorological Direct measurementsof wind speedanddirection,temperature,
andaccumulationrateareneededfor establishingthe currentstateof the
systemand for inputs to the modelingeffort. In addition, weatherdata
areneededfor realisticlogisticsplanning(cloudinessfor flying conditions,
etc.). Someof thesedatacanbe obtainedby satelliteimagery(AVHRR)
but groundstationsneedto be establishedat key locationswheremore-
detaileddataareneeded.Thesedataareneededfor themodelingeffort. An
AWS wassuccessfullyinstalledat theAmundsen/Rossflow divide during
the1999/2000Antarctic field seasonin preparationfor a futureU.S. deep
ice coringoperation.FurtherAWS stationsandshallow coringwill occur
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aspartof theUS/ITASE traversefrom theAmundsen/Rossdivide to Siple
Stationscheduledfor 2001/2002.

Airborne The airbornegeophysicalmeasurementsincludesurfaceandbedele-
vation, ice thickness,bedroughness,internal-layering,gravity anomalies,
magneticanomalies.Thesedataareat high resolutionalongtrack andat
mediumresolution(km to 10skm) acrosstrack. Suchmeasurementses-
tablishthecurrentstateof theice sheet,andprovide key bedcharacterand
elevationobservations. Additionally, internallayer configurationobserva-
tionswill becritical for interpretingthedynamicalhistory. Becauseof the
high logisticscostof airbornedatacollection,the satellitedatashouldbe
usedto optimizeplacementandline-spacingof thegrids.

Ground GPSmeasurementsfor registeringtheInSARmeasurementsareneeded.
In addition,targetedradarandseismicmeasurementsareneededto deter-
minebedcharacterandinternallayersandfor subglacialandupper-crustal
structure. The measurementsspeakto the currentconditionsand to de-
terminethe basalboundaryconditionfor the modelingwork. Shortpulse
radarwork mustbe donefor near-surfacelayeringandaccumulationrate
variations.Finally, shallow coringfor density, accumulationrate,andtem-
perature;deeperdrilling for temperatureandsamplingthebedneedsto be
done.Thesedata(particularlytemperature)arecrucialfor the3D modeling.

Vessel The offshoremeasurementsthat areneededto establishthe stateof the
Amundsenseaarethestandardoceanographic(CTD), side-scansonarfor
seafloor morphology, seismicfor stratigraphy, andcoring/drilling for pale-
oclimatedata.All thesedataarefor all threeof theoverarchinggoalsof the
project.
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Table1: Grid of platformsandmeasurements,andgoalsto beachieved(1=mass
balance,2=b.c. for GCMs,3=flow sensitivity).

Platform Key Measurement Timing Goals

Satellite Elevation,Velocity, Early, Ongoing 1, 2
Groundingline

Meteorological Accumulation, Early, Mid 1, 2
Weather

Airborne Ice thickness,Internallayers, Mid 1, 2, 3
Bedcharacter, Gravity, Magetics

Ground Detailedbed/sub-bedcharacter, Late 1, 2, 3
Snow density, Accumulation

Vessel Oceanstate, Mid, Ongoing 1, 2, 3
Seafloor state
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