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Amery ice shelf DEM and itsmarme ice distribution
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Abstract The Amery Ice Shelf is the lagest ice shelf n East Antarctica A new
DEM was generated for this ice shelf using kriging to interpolate the data fran ICE-
Sat altmetry and the A IS-DEM. The ice thickness distrbution map is converted fran
the new DEM, assum ing hydrostatic equilbrim. The Amery Ice Shelfmarine ice up
to 230 m thick is concentrated n the northwest of the ice shelf The volme of the
marine ice is2 38 x 10" km® and accounts for about 3 &% of the shelf vokme

Key words ICESatGLAS DEM, M arine ice Amery Ice Shelf Antarctica

1 Introduction

The Amery Ice Shelf the largest ice shelf n East Antarctica has a total surface area
of about & 1 x10" km®. The ice shelf drains the grounded ice fran the mterior of the Lan-
bert G lacier drainage basin that covers an area of larger than 1 3 x 10° km®, and discharges
at the ice shelf front which is less than 200 km, or about 1/60 of the Antarctic coastline
(Fricker et al 2000a). Therefore the Lanbert G lacierAmery Ice Shelf systan is active
and sensitive to global clmate and sea level change

Fricker et al (2000b) generated a 1km cell-size digital elevation model (DEM ) for
the Amery Ice Shelf (AIS-DEM ) fran the European Space A gency § European Ranote
Sensing Satellite ( ERS-1) radar altmeter waveform data The ERS-1 satellite provides
m easuran ents ranging fran 82°N to 82°S The radar altin eter has a sensor footnrint of 2 4
km. The separation of neighboring ground trackswas 2— 3 km on the Amery Ice Shelf The
A IS-DEM doesn t cover the Amery Ice Shelf canpletely while it has relatively larger errors
around the southem grounding line The estmations of distribution and thickness of them a-
rine ice beneath the ice shelf by Frickeretal (2001) also have larger uncertamnties due to
errors of the geoidalmodel they used ( FrickerHA 2005 personal canmunication).

The N ational A eronautics and Space A dn mistration (NASA) launched an Ice Cloud
and E levation Satellite ( ICESat) with a Geoscience Laser A ltimeter Systan ( GLAS) m
January 2003( Fan et al 2005). The ICESat GLAS data have a sensor footprint of 70 m,
and a typical along-track spacing beween footprints is 170 m on the ground The ICESat
data ismore accurate than radar altim eter data which provides measuram ents ranging fran
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86°N to 86°S W e generate a lkm cell-size DEM with high accuracy for the Amery Ice
Shelf using kriging to mnterpolate the data fran ICESat altmetry and the A IS-DEM.

Basalmelting and refreezing are significant canponents of the mass budget of ice
strean systans and ocean-ice iteraction W e generate the distribution maps of the ice
thickness and m arine ice over the Amery Ice Shelf using the new DEM, which provides m-
portant data for the research ofm ass budget of LanbertG lacierAmery Ice Shelf systan and
for the processes of basalm elting/refreezing and ocean dynam ics research In this paperwe
w ill mtroduce our data resources mnterpolation methods present and discuss results ofm a-
rine ice distribution over the Amery Ice Shelf

2 DEM

W e generate amore accurate and mntegrated Amerv Ice Shelf DEM by using geostatis-
tical analyzing function of ArcG IS to mtempolate the data fran ICESat GLAS data and the
A IS-DEM.

2. 1 Daitasets

The datasets we used n this study nclude (1) The ICESat GLAS altmetry data
(Zwally et al 2003): release number ( 18— 22), operation period (L1, L2a2¢ L3a-
3¢), collected bew een 2003 spring to 2004 w inter The footprint of ICESat altmetry is 70
m, a typical along-track spacing between footprints is 170 m, and an across-track separa-
tion ranges fran 2 to 30 km. (2) AIS-DEM ( Frickeretal 2000b): a lkm cell-size digital
elevation model (DEM ) for the Amery Ice Shelf The altm eter datasetswere collected dur-
ng wo geodetic phases of ERS-1( phase E and F, ombit nunber 14302- 19247) between
April 1994 andM arch 1995 (3) The Amery Ice Shelf outlne data (W en et al 2006).
W e basically adopted the dataset provided by Fricker et al (2000b), modified using sev-
eral datasets mncluding the southem grounding lne position of the Amery lce Shelfm apped
by InSAR (R ignot2002) ; velocitiesw ith a spacing interval of 400 by 400 m derwed fran
the M od ified Antarctic M apping M ission (MAMM ) InSAR project( Jezek 2003), and a
RADARSAT coherence magemap (4) The OSU91a geoid model ( Jezek 1999). It is
used to convert data fran ellipsoidal to orthan etric height The difference between OSU91a
geoid andWGS84 is — 67m to + 42 m in Antarctica

2.2 Data preprocessing

Firstly we define a rectangle to be the DEM € extent which is 600 km long and 245 km
wide covering the entire Amery ice shelf and its neighborhood w ith higher elevations ICE-
Sat data have totally 4 2202 x 10’ points which are mported into ArG IS fran dBASE ()
file and its projection is defined as Polar Stereographic projection The ICESat GLAS data
have a snaller along-track spacing between footprints w ith a very large across-track separa-
tion Such spacing shares the sane distribution properties w ith many other geographical or
geological data surveys that are carried out fran vehicles that follw tracks 1 e, the data

are densely sanpled along tracks while the flight tracks them selves are w idely spaced Such
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a distribution poses serious difficulties formost mnterpolation techniques and results n a dr
rectional bias n the grid ( Lythe and V aughan 2001). To counter this we reprocessed the
data Themethod is that the rectangle covering the Amery Ice Shelf is divided mto 1 km
grids The total number of grids is 1 47 x 10. Themean elevation value of ICESat altin e-
ter dataw ithin each grid can be calculated using the spatial analyzing function of A rcG IS
( Zonal statistics), and then themean elevation values are linked w ith the centroid of each

gril The original data pomts are lessened fran 4 2202 x 10° to 1 9634 x 10",
2. 3 Intempolation

Themethod used to mterpolate the ICESat altm eter data to create a DEM is kriging
This is a geostatistical technique that produces a statistically unbiased m mmum error-varr
ance data estin ate at unobserved ponts of a surface fran a set of observed points provided
that surface has spatially stationary statistics The model of the sem ivariogran is used n
canbination w ith the observed data to calculate estm ates of the surface elevation at the grid
nodes Kriging is known as an “ exact mterpolator” because itmamtains the data values at
each of the observed points (Deutsch and Joumel 1992).

The ICESat data are ellipsoidal heicht and should be converted to orthan etric heights
relative to the OSU91A geoid (L et al 1999). W hen the DEM was generated ICESat
and ERS data (1 e if a grid doesnf contain ICESat data we use A IS-DEM data mstead)
were used msie the Amery Ice Shelfwhile only the ICESat dataw ere used beyond them ar-
gin of the ice shelf The new DEM is showed i Figure 1

Fig 1 The Amery Ice Shelf digital elevation model

The periphery of Amery ice shelf ismountainsw ith an elevation reaching up to 500-
700 m. Themean height of the ice shelf is about 82m. The elevation descends fran 270 m
to 40m fran south to north along a central strean lne The ice shelf surface is not very
snooth ridging as stripes resulted fran large glaciers such as Lanbert Fisher and M ellor
that dran into the ice shelf fran the nterior basin

3 Marine ice layer

Brine rejects during sea ice fom ation at the surface freezing point T;o(~ — 1 9C),
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which produces dense H igh Salmity Shelf W ater (HSSW ). The HSSW descends beneath
the Amery Ice Shelf to the deep southem grounding Ine ( about 2000— 3000 m). Pressure
suppresses the melting point by 1L 9C below T;, (R ignot and Jacobs 2002), so that the
HSSW is able to efficiently melt ice The resulting fresh buoyant ISW rises follow ng the
slope of the ice shelf base and passes along the gradient n the pressuremelting point cau-
sing it to supercool at same depth This leads to the refreezing that produces a layer ofm a-
rine ice beneath the Amery Ice Shelf

For a freely floating ice shelf the relationship beween the surface heightH ( relative
to sea level) and the thickness Z at any point is given by the hydrostatic equation
Z(R-0B)

P
The hydrostatic condition is satisfied overmost of the ice shelf as far as 73 2°S W here
and P is the comn-averaged densities of seawater and ice respectively Q is equal to 1
029 10" km m~* (W ong et al 1998). Wen et al (2006) present the colmn-averaged
ice density over the Amery Ice Shelf The density distribution includes three portions 921
to 914 7 kgm_3 beween O ( the southem grounding lne) and 215 km, 914 7 to 903 5 kg
m~ beween 215 and 315 km, and 903 5 t0 89Q 5 kgm™’ fran 315 km to the ice front

Ice thickness (Z) of the Amery ice shelf is converted fran the new DEM (H). Then
themarme ice thickness can be educed by the ice thickness (Z) and RES ( radio-echo

H =

sounding) data RES systan typically detects the meteoricmarmne ice boundary since it
exhbits amoderate dielectric contrast but the signalm ay not penetrate the marme ice layer
itself because of high absorption of electran agnetic energy within ( Blindow 1994). So the
marie ice thickness can be educed by the ice thickness (Z) subtracting the meteoric ice
thickness which is collected by the RES systen. RES data is downloaded fran http //
www. antarctica ac uk/aedc/bedmap/( Lythe et al 2001).

4 Results and discussion

Our results show that the Amery Ice Shelfmarine ice is up to 230m thick mean thick-
ness is 90 4m, area is2 64 x 10° km”, which was concentrated in the northw est of the ice
shelf The volme of themarie ice is 2 38 X 10’ km” and accounts for about 3 &% of the
shelf vokme The southem boundary of the marine ice is 71. 6°S which continuously ex-
tends to the ice front

There are several sources of error in our estin ate ofmarme ice thickness TheOSU91a
geoid modelwhich used to convert data fran ellipsoidal to orthan etric height is not reliable
in Antarctica due to the paucily of gravily measuranents Geoid errorsmay be up to 3 m.
Errors n RES data arise fran uncertainty in the speed of radio waves i ice and fim navr
gation errors and lm itations digitizing RES filn records (V aughan et al 1993). The RM'S
of ice thickness differences at intersections of RES flicht lnes i the northw est part of the
shelf is 26 m. The error of ice densitymodel is about 5 kgm™* (W en et al 2006). Canbr
ning all errors our estmated marme ice layer thickness has an uncertanty of about 30m.
An access hole through the shelfwas drilled by ANARE at AM 01( 69 442°S 71. 417°E) in
2001/02 The fim and grounding ice thickness is 40 m and 270 m respectively (A llison
2003). Themarme ice thickness approximately is 210m, which is fran 270 m to 480 m.
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Themarmne thickness according to ourmarme ice distribution map at this location (AM 01)
is 173 230 m, roughly consistentw ith upper lin it of the m easurem ent of ANARE.  Fricker
et al (2001) estmated the marine ice was up to 190 m thick and accounted for about %%
of the shelf volime The measurement at AM 01 shows that the maxmum of the marme ice
thickness over the ice shelf exceeds 190 m. The actual value is obviously larger than the es-
tmation of Fricker et al (2001).

RES records shows strong basal echoes under the eastem side( south of 71 3°S) and
under the southem ice shelf fran which we infer basalmelting The mplied distribution of
melting and freezing results fran a three-dm ensional ocean circulation under the A IS that is
clockw ise i the x-y plang canbmed w ith a vertical sub-ice-shelf them ohaline canponent
The marme ice distrbution in Fig 2 is consistentw ith accretion zones obtamed fran model
ng the three-din ensional ocean circulation beneath the Amery Ice Shelf (W illians et al
1998). The thickestmarmne ice occurs n the wo longitudnal bands oriented along the ice
flow direction These are located each side of the Charybdis/Scylla glacier mflow where this
strean merges w ith same unnaned glaciers M arine ice preferentially accretes n troughs
fomed under thinner ice at the margins of these streans
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Fig 2 Distribution of themarine ice beneath the Amery Ice Shelf

W e canpared this pattem ofmarmne ice accretion w ith that occurring under the Ronne
Ice Shelf Themaxmum of A ISmarme ice thickness is 230 m, canpared to 140 m for the
Filchnner Ice Shelf ( Grosfeld et al 1998) and 350 m for the Ronne ( Thyssen et al
1993). However the estmated thickness of marme ice under the Ross Ice Shelf is less
than 10m (Neal 1986). This variation bew een ice shelves ismost lkely due to a canbna-
tion of the different cavity geanetries especially the ice shelf drafts and the differentw ater
properties and circulations The Amery Ice Shelf has a long narrow, sub-ice-shelf cavity
with amaxmum draft of about 2200 m. The Filcher and Ronne ice shelves also have deep
drafts (about 1400 m), whereas the Ross Ice Shelf has a shallower draft ( about 800 m)
and a snaller length-to-w ilth ratioe Under the Filchner and Ronne Ice Shelves a wam
sub-shelf currentmelts the marme ice layer before it reaches the calving front ( Thyssen et
al 1993). Green icebergs fran the Amery Ice Shelf which have capsized since calving
thus revealing themarine ice have been observed n Prydz Bay and furtherwest(W arren et

al 1993).
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5 Concluding rem arks

In this paperwe generate a 1 km cell-size new DEM for the Amery Ice Shelfw ith high
accuracy by using kriging to mtempolate the data fran ICESat altmetry and the A IS-DEM.
The marie ice thickness is educed by the ice thickness obtaned by hydrostatic equilibrim
subtracting the meteoric ice thickness collected by the RES systam, which provides the m-
portant conditions for modeling the processes of ocean-ice interaction Basal melting and
freezing are significant canponents of the m ass budget of the Amery Ice Shelf It is expec-
ted that their rates and distribution w ill change w ith any wam mng-induced perturbation to
the present sub-ice-shelf themohaline circulation (W ang et al 2006). Contmnued mon ito-
ring of the A Smarme ice thicknessw ill not only increase the accuracy of them ass budget
but also provide an indicator of change mn the ocean conditions and early siens of maior
structural change mn the ice shelf itself
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