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ABSTRACT. This paper presents a new compilation of gridded datasets for three-
dimensional modelling of the Antarctic ice sheet. These are for surface elevation, ice thick-
ness, bedrock elevation and accumulation rate as interpolated on a 281 X281 mesh with
20 km spacing, and encompass all the ice sheet and surrounding continental shelf. Data
sources include the Bamber digital-elevation model from ERS-1 radar-altimeter data, a re-
digitization of available ice-thickness data, the Giovinetto accumulation data, recent ice-
thickness data from British and German expeditions as well as accumulation data from
German and Norwegian expeditions. In particular, new data were incorporated for the
Filchner—Ronne Ice Shelf and for Dronning Maud Land, Antarctica, arising from the EPICA
pre-site survey. Special attention was devoted to matching the various data sources carefully,
both among themselves and across the grounding line and below the ice shelves, to enable
ice-sheet expansion and retreat in dynamic situations. As an application, the balance flow is
calculated over the entire ice sheet using a two-dimensional finite-difference scheme and
compared with a previous assessment. This brought to light the existence of ice-streaming
features extending well inland. A detailed zoom over Dronning Maud Land exhibits the gen-
eral flow characteristics ofmterest for locating a future deep-drilling site. As a by-product, an
updated value of 26.4 x 10° km® was obtained for the total volume of the ice sheet and ice
shelves, or equivalent to 61.1 m of global sea-level rise after removal of the ice sheet and sub-
sequent oceanic invasion and isostatic rebound. The total accumulation over the grounded

ice sheet, including the Antarctic Peninsula, is 1924 Gta

! or between 5 and 20% higher

than earlier estimates. Including all the ice shelves the value is 2344 Gta .

1. INTRODUCTION

Accurate numerical modelling of the Antarctic ice sheet
requires access to the best available datasets. In large-scale
prognostic studies, in which ice thickness and ice-sheet extent
are predicted forward in time, bedrock topography and accu-
mulation rate represent the main input fields (e.g. Huy-
brechts, 1990). In particular, the position of the grounding
line and the evolution of the ice shelves are very sensitive to
bed elevation and the distribution of sea-bed shoals around
the margin of the ice sheet. Similarly, mountain ranges have
a strong effect on surface topography because they can dam
the ice flow and act as nucleation sites in studies concentrat-
ing on the growth of the ice sheet in former geological times
(Barker and others, 1999). The depth of troughs into which the
ice is channelled at the margin is equally important as it de-
termines the ice flux and therefore affects the configuration
and surface topography of the catchment area. In addition,
bedrock depth below the surface provides an important con-
trol for basal temperature because of the insulation effect of
the ice, and thus regulates processes such as basal melting,
basal sliding and basal-water flow.

In diagnostic studies, high accuracy is required for the
key boundary conditions of surface elevation and ice thick-
ness. On length scales an order of magnitude larger than ice
thickness, driving stress is proportional to the product of sur-
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face slope and ice thickness. However, due to the non-linear-
ity of the flow law, small errors in these are strongly amplified
when calculating the locally defined “dynamics velocity” (e.g.
Bamber and others, 2000). Together with the accumulation
rate, ice thickness and surface slope also determine the pat-
tern of “balance velocity” which, compared with the model-
derived “dynamics velocity”, may help to constrain uncer-
tainties introduced by the flow law, the ice viscosity (as a
function of ice temperature and crystal properties) and/or
basal sliding. Comparison of balance velocities with obser-
vations may also shed more light on the crucial problem of
ice-sheet evolution and the response to global environmental
changes.

So far, virtually all large-scale modelling studies of the
Antarctic ice sheet relied on gridded versions of the Scott
Polar Research Institute (SPRI) glaciological and geophysi-
cal folio (Drewry, 1983), originally digitized by the Australian
group (Budd and others, 1984) on a 20 x 20 km grid, and gen-
eralized on a 40 km grid with slight adaptations afterwards
(Huybrechts, 1990; EISMINT Intercomparison Project, http:
//homepages.vub.ac.be/ ~ phuybrec/eismint/antarctica.html).
However, as discussed in detail by Bamber and Huybrechts
(1996), substantial deficiencies were found in these geometric
datasets, due to combinations of errors and inconsistencies in
the folio maps, errors in the digitization, and significant dif-
ferences between the surface-elevation distribution of the
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SPRI map and a much improved elevation model derived
from European Remote-sensing Satellite (ERS-1) radar-alti-
meter data. Perhaps most remarkably, the total ice volume
mentioned in Drewry and others (1983), and widely quoted
since, was about 12% larger than the value derived from a
direct digitization of the corresponding thickness map of the
folio, which in turn differed from the distribution derived sepa-
rately by subtracting bed elevation from surface elevation, as
was done in the Budd digitization. An unequivocal explana-
tion for these mismatches could not, however, be established,
and definite answers should perhaps await the results of a
future comprehensive recompilation of all Antarctic data as
part of the BEDMAP Project (Vaughan, 1996; http: //www.
nerc-bas.ac.uk/public/aedc/bedmap/bedmap.html).

The Bamber and Huybrechts (1996) grids were restricted
to grounded ice only and excluded the Antarctic Peninsula,
limiting the scope of their application. In this paper, we build
further on these datasets and extend the grids beyond their
current limits to include all of the continental shelf and sur-
rounding ocean. At the same time, we develop a new gridded
dataset for accumulation rate over the same model domain.
The direct stimulus for undertaking this work is related to
forthcoming detailed model studies of ice-sheet dynamics in
Dronning Maud Land (DML), Antarctica, within the frame-
work of the European Project for Ice Coring in Antarctica
(EPICA) and the planned retrieval of a deep ice core. There-
fore, special attention was devoted to incorporating all new
data collected as part of the EPICA pre-site survey, most no-
tably by the Alfred Wegener Institute (Steinhage and others,
1999; Oerter and others, 1999, 2000). Furthermore, it proved
useful to reconsider data throughout Antarctica because the
flow dynamics of DML is difficult to separate from changes
occurring elsewhere on the ice sheet, especially when the in-
terest 1s in the glacial cycles.

The consistency and quality of the new gridded datasets
are demonstrated with a new assessment of the vertically in-
tegrated flow required for steady state (balance flow). In ad-
dition, an enlarged map of balance velocity over DML
shows the flow activity of interest for siting a future ice core.
At the same time, updated numbers on the size and the sur-
face mass balance of the Antarctic ice sheet are provided.

2. SPECIFICATIONS FOR MODELING PURPOSES

The equations of the ice-sheet—ice-shelf model are solved
with the finite-difference method. This requires the data to
be specified on a Cartesian grid with rectangular bound-
aries. Because the ice sheet must be able to expand and
retreat, the domain needs to cover all Antarctica and its sur-
rounding continental shelf. In particular, the sea-bed eleva-
tion needs to be specified below the ice shelves and match the
bed topography below the grounded ice sheet fluently. The
most crucial area is close to the grounding line, where all
three parameters, surface elevation, bed elevation, and ice
thickness need to be consistent with a specified flotation cri-
terion to predict regions of grounded and floating ice cor-
rectly. A further requirement is that the data need to be
continuous over all the grid. In particular, there should be
no gaps or nunataks sticking out of the ice sheet because
these are difficult to handle, especially in dynamic situations.

For simplicity, we opted for the same 281 x 281 grid with
20 km constant spacing of the Budd datasets. The map pro-
jection is polar stereographic with a standard parallel at
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71°S as adopted for the SPRI map folio. This projection
conserves directions, but on the other hand is characterized
by non-negligible areal distortions ranging from —8% at
60° S to +5.6% at the South Pole: more optimal alternatives
exist, but were not attempted for reasons of consistency with
previous datasets.

3. DATA SOURCES

Surface elevation

Over most of the ice sheet and the surrounding shelf, the sur-
face-elevation dataset consisted of a filtered 20 km version of
the surface data presented by Bamber and Huybrechts (1996).
For most of the continent, this digital-elevation model was
derived from more than 20 million measurements of surface
elevation retrieved from eight 35 day repeat cycles of ERS-1
satellite radar-altimeter data. Over areas where slopes are
<04°, the vertical accuracy is better than 1.5 m. Accuracy
1s reduced 1n areas of higher slope. Around the coast and in
mountainous areas where the altimeter failed to maintain
track on the ice-sheet surface, the altimeter measurements
were supplemented with data taken from the Antarctic
digital database (ADD) (Thomson and Cooper, 1993).
Beyond the orbital limit of ERS-1 (south of 81.5° S), the data
were merged with those from the SPRI map folio series
(Drewry, 1983) and the transition smoothed. Over Graham
Land and the adjacent part of Palmer Land (Antarctic
Peninsula), data from the Budd grids were used. All surface
elevations are referenced to the OSU9la geopotential model.
Surface slopes and flow directions were calculated (not
shown) to check whether the transitions between the differ-
ent data sources were smooth and continuous. This turned
out to be the case despite the apparent difference in texture
of the shaded-relief map shown in Bamber and Huybrechts
(1996) for the area south of 81.5° S, and is probably in part a
consequence of the additional smoothing introduced by the
filtering from a 10km to a 20km grid. Such additional
smoothing is also in agreement with the theory which
requires surface slopes to be averaged over at least 5-10 ice
thicknesses to be representative of the large-scale flow.

Ice thickness

The basic dataset for ice thickness also originated from a fil-
tered 20 km version of the corresponding Bamber and Huy-
brechts (1996) data. This dataset was produced from a
combination of a redigitization of the SPRI thickness map
and the original radio-echo-sounding flight lines, where they
were present. The data were amended in three areas: DML,
the Filchner—Ronne basin and the Antarctic Peninsula.

The DML data primarily arose from the EPICA pre-site
survey conducted by the Alfred Wegener Institute (Steinhage
and others, 1999). From 1995-97, more than 49 500 km of air-
borne radio-echo soundings (RES) were obtained covering a
hitherto uncharted area of 948000 km? 25°W to 20° E, and
72° to 80° S. Additional RES data were provided by the British
Antarctic Survey for the area between 0° and 8° Wand 74° and
76° S (personal communication from D. G. Vaughan, 1997).

For the Filchner—Ronne Ice Shelf area, a different strat-
egy was followed. Here, ice thickness was calculated from
the bed topography and the depth of the water column
below the ice shelf as given by Vaughan and others (1995;
http://[www.nerc-bas.ac.uk/public/icd/dgv/) and subsequently
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transformed into ice thickness by applying the flotation criter-
1on. Throughout this paper, the flotation criterion uses fixed
densities of 910kgm * and 1028kgm ® for ice and ocean
water, respectively. Data for the Antarctic Peninsula north of
60° S were merged from the Budd digitization, though these
required substantial manual editing (cf. section 4).

Bed elevation

Bed elevation below the grounded ice sheet was recalculated
from the difference between surface elevation and ice thick-
ness to ensure consistency. Outside the grounded-ice limit,
the Budd digitization was used, except for the Filchner—
Ronne area where the data came from Vaughan and others
(1995).

Accumulation rate

The accumulation rate over most of the Antarctic ice sheet
was interpolated from the latest update of the Giovinetto
and Bentley (1985) dataset. Net surface-balance values were
provided as areal means of 1331 gridcells of 100 x 100 km all
over the ice sheet and the ice shelves, except for the Antarctic
Peninsula (personal communication from M. B. Giovinetto,
1997). Outside this domain, precipitation climatologies were
employed which are used to initiate high-resolution general
circulation models as well as a compilation of 20 point meas-
urements of the Antarctic Peninsula (personal communica-
tion from D. G. Vaughan, 1998; http://www.nerc-bas.ac.uk/
public/icd/dgv/).

The combined dataset was then used as a background
forcing field to control the incorporation of new point meas-
urements of mean annual accumulation obtained from the
EPICA pre-site survey. These included 17 measurements
along a traverse from Neumayer station to the Kottas
Mountains, 10 new data points on Amundsenisen from the
1995/96 and 1996/97 seasons (Oerter and others, 1999), sup-
plemented by a further 14 data points in the same area from
the season 199798 (Oerter and others, 2000). These data
were mainly derived from shallow firn cores, many of which
go back at least 100 years. Dating was by identifying the
1964—65 Agung sulfate horizon, the 1810-16 double peak
representing the 1815 Tambora eruption and an additional
unknown event in 1809. Gamma-absorption ice densities
were measured with a scintillation detector mounted on
the same automatic core-analysis bench used to measure
conductivity (Wilhelms and others, 1998). The accumu-
lation rates thus represent an average over the last 100—
200 years and are believed to have a remaining error of less
thanlcma .

An additional 12 data points were provided by the Nor-
wegian traverse inland fromTroll station during the 1996/97
season (Van den Brocke and others, 1999).

4. DATA MANIPULATION

For interpolating the data, extensive use was made of the con-
tinuous-curvature spline-algorithm “surface” with a tension
factor of zero (minimum curvature), available as part of the
GMTsoftware (Smith and Wessel, 1990). This is equivalent to
a low-pass filter with smoothing characteristics well suited to
avold numerical instabilities in the numerical model.
Updated subsets of ice-thickness and bed-topography
data were merged within the main dataset by calculating
the height offset at the common boundary and using this to
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weight the main dataset as a function of distance from this
boundary. A distance-cubed weighting was found to provide
smooth transitions and continuity of slope across the bound-
aries. Accumulation point measurements were given a
weighting factor of 10, compared to the background Gio-
vinetto data, to control the interpolation between the irre-
gularly and sparsely distributed measurements. At the grid
margin, a fixed value of 0.5 ma ' was adopted. This has no
influence on values within the possible maximum extent of
the Antarctic ice sheet, but ensures that the flow velocities in
the surrounding ice shelf, which extends to the grid margin,
do not give rise to numerical instabilities.

To satisty the peculiarities of the numerical model and its
parameterizations (Huybrechts, 1990), some small editing of
the resulting datasets was necessary. These concerned local
corrections that would not falsify any large-scale character-
istics of the Antarctic ice sheet, but are required to avoid
spurious, unwanted, or unrealistic effects in the model.

Manual intervention was needed to remove a rock bar-
rier, running from Mawson Escarpment to the Prince
Charles Mountains, which would have dammed the flow at
the head of Lambert Glacier, but is in reality a collection of
nunataks rather than a continuous mountain range. Editing
of geometric data was also necessary in the Peninsula area
to float the Larsen and George VI Ice Shelves. For these
parts, no data existed on the SPRI thickness folio, justifying
the manual intervention. Ice thickness was also set at the
minimum value of 10 m over rock outcrops.

The treatment of the mass balance in the ice-sheet model
assumes that the data for net surface mass balance, as a
result of snowfall, hoarfrost, sublimation, melting, wind
scouring, drift-snow deposition, etc., can be equated to pre-
cipitation. Runoff;, or the fraction of precipitation falling as
rain, if any, 1s derived in the model from the precipitation
rate (Huybrechts and de Wolde, 1999). Precipitation rates
for different climates are then calculated as proportional to
the gradient of the saturated water-vapor pressure at the
temperature above the surface inversion layer (Robin,
1977). While probably being a reasonable first-order esti-
mate, especially over most of the plateau area, the calcula-
tion requires positive input data. Zero or negative
accumulation points have therefore been re-interpolated
from surrounding positive gridpoints. The minimum value
was set at 15mma . This effectively removed the blue-ice
areas such as the area with negative mass balance at the
head of Lambert Glacier, whose existence has otherwise
been questioned (Allison and others, 1985).

5. RESULTS

Figure 1 shows the four new gridded datasets for bedrock ele-
vation, ice thickness, surface elevation, and accumulation
rate. Their principal feature is the complete coverage and
improved detail in DML and on the Filchner—Ronne Ice
Shelf as compared to the older SPRI maps. Over much of
the continent, the geometric datasets are equivalent to those
discussed by Bamber and Huybrechts (1996) and so are the
improvements with respect to the Budd grids. Important
new bedrock features, not seen on the SPRI map folio, include
the deep subglacial troughs below Bailey Ice Stream and
Slessor Glacier that extend well inland, as well as the rough
mountainous terrain below DML (Steinhage and others,
1999). Improvements in the accumulation grid also involve


https://doi.org/10.3189/172756400781820778

Huybrechts and others: Balance velocities and properties of the Antarctic ice sheet

S I OO TR TR TCTIN PR T .| CRE TR e L L]
M

oAb a0 BIORNIFT LA TEl IR0 XED ST AN 3o W
8

LTI O IS U b G U L ot e o e [ & B1 WED TR LG T80 THr kD OGTTOMED SRl SR

Visual
Only

B DI I (R TR LY, | E AT LIS el (R E [RE e B L LI 1] "." fLUBNE 1IN [ IIII' X .'-.:: '\11- Xl 18] )
:H'_ vurlace @levation = cetimualation mate [ a “.
e m
e m
e am
155 m
1 L
e m
11 m
s L
B -1!
] ol
'S m
i Rl

o L AL DS TR 1R DRI MR SOD G Mal JED 1D dAr 40 51 KN 1M OID A 15D SIE s LK 3E) SR

Frg. 1. Contoured representations of the new datasets for ice-sheet modelling as developed in this study. Except for bed elevation, they

are displayed within the area of the conterminous Antarctica, although all parameters are defined within the entire grid square.
The bold line in the bedrock plot is for 0 m a.s.l.
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Fig. 2. Differences between the bedrock dataset of this paper and the bed grid digitized from the SPRI folio ( Drewry, 1983) by Budd
and others (1984). A negative difference means that the bed in the Budd dataset lies above ours. The 0 m contour is shown in bold.
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Table 1. Comparison of measured properties of the Antarctic ice sheet

Parameter Drewry and others (1982)

Huybrechts (1990)* This paper

Area (107 m?®)

Conterminous Antarctica
Grounded ice sheet

Ice shelves

All ice sheet

Ice-free terrain (rock)

13.918 (100%)
12045 (866%)
1.542 (1L.0%)
13.586 (97.6%)
0.332 (24%)

Ice volume (107 m”)
Conterminous Antarctica
Grounded ice

Ice shelves

30.110 (100%)
20378 (97.6%)
0732 (24%)

Mean ice thickness (m)

Conterminous Antarctica 2160
Grounded ice sheet 2450
Ice shelves 475

Mean bed elevation (m)"”
All continent -160
Grounded ice sheet

Sea-level equivalent (m)©

Accumulation (10° m® a ' ice equivalent)
Conterminous Antarctica
Grounded ice

Ice shelves

Mean accumulation rate (m a ' ice equivalent)
Conterminous Antarctica

Grounded ice

Ice shelves

14.623 (100%)
12.974 (88.7%)
1,649 (11.3%) 1486 (10.6%)
14623 (100%) 13.856 (99.1%)
0 0.128 (09%)

13.984 (100%)
12.370 (88.5%)

95,386 (100%)
24719 (974%)
0,667 (26%)

26373 (100%)
25715 (97.5%)
0658 (2.5%)

1735.9 1903.2
1905.2 2078.7
404.3 4427
704 50.3
163.5 134.4
5849 61.14

2886.1 (100%)
2393.1 (82.9%)
493.0 (17.1%)

25762 (100%)
21154 (82.1%)
460.8 (179%)

0.197 0.186
0.184 0.171
0.299 0.310

Notes: The gridsize is 40 km for the Huybrechts (1990) data and 20 km for this paper. Data from Huybrechts (1990) and this paper all take into account areal
corrections for the map projection, which makes the Antarctic ice sheet about 2.3% larger than for a Cartesian grid with a fixed mesh size. Integrations
and average values of ice volume, ice thickness and accumulation rate exclude rock outcrops.

(a) Data originate from the Budd digitization (Budd and others, 1984) of the Drewry (1983) map folio series and from an interpolation of the SPRI accumulation-

rate dataset (personal communication from A. P. R. Cooper, 1986).

(b) Data from Huybrechts (1990) and this paper are for the continent defined above the —3000 m contour; the definition for Drewry (1982) is not entirely clear.

(c) This value takes into account the effects of sea water replacing the ice load and of subsequent isostatic rebound with an ice—rock density ratio of 0.275; the

oceanic area was fixed at 3.62 x 108 km? or 71% of the Earth’s surface.

more detail in DML where the transition to a desertic preci-
pitation regime (as defined by the 0.05ma ' contour) is now
more inland than in previous compilations.

A map of bed-elevation differences with the Budd grids
summarizes some of the progress made in the last 15 years
(Fig. 2). Over much of Wilkes Land, the bed is more than
500 m higher than in the Budd grids, which was attributed
to a combination of errors in the surface-elevation data and
the original digitization of the folio maps (Bamber and Huy-
brechts, 1996). In DML, the new bedrock topography is gen-
erally higher (and the ice thinner) east of the Greenwich
meridian by up to 1000 m, while the reverse is evident in the
western part of DML. Important differences can also be seen
in the Filchner—Ronne basin, reflecting the vast increase in
measurements since the SPRI folio was published in 1983.

A comparison of measured properties with earlier assess-
ments of the Antarctic ice sheet is shown inTable 1. Most strik-
ingly, the substantial reduction of ice volume by about 12%
compared to the Drewry and others (1982) figure is con-
firmed. Despite the inclusion of the Antarctic Peninsula, the
present value for total ice volume (ice sheet and ice shelves) of
26.37 x10°km” is about 1% lower than the value found in
Bamber and Huybrechts (1996), which is mainly due to the
higher topography of DML. On the other hand, we find com-
parably small differences with the Drewry and others (1982)
figures for areal statistics. There is an even closer agreement
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(within 0.2%) with the Fox and Cooper (1994) update based
on the Scientific Committee on Antarctic Research ADD,
though the position of the grounding line, especially along
the Siple Coast and around Graham Land, is somewhat dif-
ferent. This is to be expected because of the difficulties of
locating the grounding line at the mouth of ice streams where
surface slopes are low and the usual strong break in slope is
not well-developed. We find a reduction in the area of ice-free
terrain to about a third of the Drewry and others (1982)
figure, but our value is still three times larger than the figure
derived in the Fox and Cooper (1994) analysis. Our result
here 1s biased by the minimum pixel size of 20 X 20 km and
the absence of rock outcrops in the Antarctic Peninsula.

Total accumulation over the conterminous grounded ice
sheet is more than 25% higher than the earlier Giovinetto
and Bentley (1985) estimate. On the other hand, we find a
value which is only slightly higher (+2.5%) than a recent
independent compilation by Vaughan and others (1999)
when including the ice shelves. This reduction in the spread
of estimates seems to reflect the progress made towards a
greater consensus on the total yearly mass input of the Ant-
arctic ice sheet. Some of the differences with the Vaughan
and others (1999) figure are likely due to a slightly different
delineation of the ice sheet and a different control field,
whereas the removal of ablation islands in our dataset
hardly influences the result at all.
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Fig. 5. Zoom of the balance-velocity pattern over Dronning Maud Land. These results represent column-averaged values, and
should be multiplied by a_factor between I and 1.15 for comparison with surface-velocity determinations. Bold lines are for the 1,

10, 100, and 1000 m a ! contours.

6. BALANCE FLOW

A calculation of balance fluxes and balance velocities pro-
vides an excellent illustration of the quality of the datasets
and, moreover, yields a good insight in the general flow pat-
tern of the Antarctic ice sheet. While such a calculation only
produces an estimate of the vertically averaged flow
required to maintain continuity, it shows very well where
the flow is converging into streams and where ice divides
and drainage boundaries are located.

The balance flow was calculated with the two-dimensional
finite-difference method described by Budd and Warner (1996),
amended to take into account areal distortions introduced by
the map projection. As input, surface-elevation, ice-thickness,
and accumulation-rate data are required, which were supple-
mented by a mask file in order to exclude the ice-free land and
the ice shelves. The main assumption underlying the method
is that the flow is in the direction of steepest descent, as cal-
culated over a representative distance of about 10 ice thick-
nesses. The method further requires that no surface hollows
or exactly flat regions exist. Such areas were first removed
by setting them equal to the average of the surrounding grid-
points. Corrections were necessary for about a thousand
points, most of which were around rock outcrops or near to
the grounding line. The only major depression in the surface
data was found near Hercules Dome (/86°S, 115° W). The
correction procedure for calculating the balance flow in-
volved elevation changes by a few hundred metres at most
which were hardly detectable on the scale of the plots, but
are excluded from the datasets in Figure 1.

The resulting balance flux is shown in Figure 3. A lot of
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fine detail can be seen, which primarily results from the ele-
vation model, and to a lesser extent from the accumulation
data. A dendritic pattern of major flow paths can be traced
well inland. All major outlet glaciers and ice streams, in
both East and West Antarctica, are clearly visible. That is
particularly the case for the Siple Coast Ice Streams A to
E, but Pine Island Glacier, Rutford Ice Stream, Foundation
Ice Stream, Support Force Glacier, Recovery Glacier, Sles-
sor Glacier, Jutulstraumen, Lambert and Byrd Glaciers also
exhibit strongly convergent flow and fluxes in excess of
05km”a .

A clearly noticeable feature is Lake Vostok (~78°S,
105° E), where the ice is predicted to be channelled in a
southerly direction parallel to the maximum surface slope
over the lake. This is, however, an area where the model
assumptions are likely to break down. It is more probable
that the flow over the lake is driven by ice velocities and
strain rates around the lake margin rather than by the local
surface slope, which trends north—south, or by the local
strain rate which is similar to the dynamics of a confined
ice shelf. Consequently, it is plausible that the general flow
would not greatly change direction and magnitude over the
lake and would be similar to the flow at its eastern and
western sides (personal communication from C. Mayer,
1999). Other subglacial lakes in East Antarctica are only a
few kilometres in extent (Siegert and others, 1996) and
therefore of subgrid scale and too small to disrupt the gen-
eral flow pattern. A second unusual feature can be seen in
the catchment areas of Foundation Ice Stream and Support
Force Glacier, where flowlines appear to run parallel over
most of their route down from the South Pole. This appar-
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ently represents a poorly constrained ice divide. A distinct
flow channel is also evident upstream of Recovery Glacier,
which appears to skirt the 81.5° S boundary where the two
surface datasets were matched, and therefore is possibly an
artifact arising from the surface model. There is a maxi-
mum flux well inland, which suggests convergent flow fol-
lowed by a strong divergence further downstream.

Comparing the pattern of balance flux with the earlier
assessment presented in Budd and Warner (1996) demon-
strates the effect of the new datasets. The main aspects are
a more concentrated flow, less continuous divides and new
features such as Lake Vostok and Recovery Glacier. Also
the pattern south of 80° S is quite different from the earlier
calculation, though it is not clear to what extent the poorer
data, derived from terrestrial, airborne, and TWERLE bal-
loon measurements, could have played a role here.

Figure 4 shows the corresponding pattern of balance
velocity. These are vertically averaged values, which need
to be multiplied by the surface-to-column velocity ratio to
obtain surface values. This ratio depends mainly on the tem-
perature conditions in the basal layers, and can be shown to
vary between about 1.15 for cold basal conditions to close to
unity where the base is at the melting point and basal slid-
ing takes place. Large flow velocities, generally in excess of
lkma !, are predicted for the same outlets having large
fluxes as mentioned above.

A zoom on DML, where the input data reflect the most
recent status of the observations, allows areas of active and
stagnant flow of interest for siting the future EPICA ice core
to be distinguished (Fig. 3). In order to avoid important
problems of interpretation of the climatic signal, in terms of
the origin of the ice, it would be preferable to drill in an area
where flow velocities are less than a few metres per year at
most. Such conditions, for example, are provided in the
region around 75° S and 0° W, a saddle area inland of Kottas-
berge, where ice thickness is 2000-3000 m and accumulation

rates are <O.Ima .

CONCLUSIONS

New high-resolution datasets have been constructed for
three-dimensional modelling of the Antarctic ice sheet.
These data represent a significant improvement over the
boundary conditions available so far as they cover the entire
Antarctic continent and include the most up-to-date obser-
vations, in particular for Dronning Maud Land.

Here the datasets were used to calculate the balance flow
over all the ice sheet, providing an excellent snapshot of the
motion of the ice sheet in steady-state. The pattern of balance
velocities yielded a surprising wealth of detail. Most remark-
ably, concentrated flow paths were found to extend well in-
land, throwing new light on the notion of “sheet flow”
generally accepted for large continental ice sheets. Moreover,
in many areas, it may be assumed that the balance velocities
should be, after correction for the surface-to-column ratio,
close to reality as the longer-term imbalance was found to be
quite small and below 10% of the local mass balance over
most of the ice sheet (Wingham and others, 1998). Because
the surface slopes are believed to be the most accurate, com-
parison with observed velocities may equally well point to de-
ficiencies in the accumulation and ice-thickness data.

Balance velocities also provide initial conditions for dy-
namic ice-sheet models and are very useful for model vali-
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dation. Comparison with model-derived dynamic velocities
furthermore helps to constrain the uncertainties introduced
by the flow law, basal sliding and the temperature regime of
the ice sheet (Bamber and others, 2000).

In addition, the balance flow helps guide measurements
in the field. An enlargement over DML displayed the gen-
eral flow pattern useful for locating the future EPICA deep
ice core; thereby pointing to a favourable saddle location in-
land of Kottasberge. Dynamic model runs during the gla-
cial cycles are now needed to investigate the stability of the
flow characteristics over the anticipated age of the core.
Such model runs would also yield the pattern of elevation
changes and could help with dating the core, both in the
planning phase and after the drilling.
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