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ABSTRACT. The three-dimensional polythermal ice-sheet model SICOPOLIS is
applied to the entire Antarctic ice sheet in support of the European Project for Ice Coring
in Antartica (EPICA). In this study, we focus on the deep ice core to be drilled in Dron-
ning Maud Land (Atlantic sector of East Antarctica) as part of EPICA. It has not yet
been decided where the exact drill-site will be situated. Our objective is to support EPICA
during its planning phase as well as during the actual drilling process.

We discuss a transient simulation with a climate forcing derived from the Vostok ice
core and the SPECMAP sea-level record. This simulation shows the range of accumula-
tion, basal temperature, age and shear deformation to be expected in the region of Dron-
ning Maud Land. Based on these results, a possible coring position is proposed, and the
distribution of temperature, age, horizontal velocity and shear deformation is shown for

this column.

1. INTRODUCTION

The recently drilled deep ice cores GRIP (Greenland Ice
Core Project), GISP2 (Greenland Ice Sheet Project) and
Vostok (in East Antarctica), which reach back more than
200 ka and thus cover two full glacial/interglacial cycles,
have considerably improved our knowledge of the palacocli-
mate. In order to supplement the information from these ice
cores with further data and find answers to still open ques-
tions (such as those concerning the occurrence of rapid
climate variations in the Eemian and the coupling of
climate changes between the Northern and Southern Hemi-
spheres), several further ice-core projects in Antarctica are
planned, an international effort coordinated by the Scienti-
fic Committee on Antarctic Research. Europe’s contribu-
tion to this campaign is the European Project for Ice
Coring in Antarctica (EPICA), an outcome of the work of
the European Committee on Ocean and Polar Sciences.
Within this programme, it is planned that two deepice cores
will be drilled in Antarctica, one at Dome Concordia
(central East Antarctica) and one in Dronning Maud Land
(Atlantic sector of East Antarctica; see Fig. 1). The former is
expected to provide an archive which covers more than
500 ka of climate history, while the latter, to be drilled in a
region influenced by precipitation sources from the South
Atlantic and with relatively large accumulation rates, con-
centrates on rapid climate changes in the most recent
glacial/interglacial cycle (Jouzel and others, 1994).

In this study, we present a preliminary simulation with
the three-dimensional polythermal ice-sheet model SICO-
POLIS (Simulation Code for Polythermal Ice Sheets) for
the Antarctic ice sheet in order to offer model support for
the ice core in Dronning Maud Land. During the planning
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phase, the simulation results are helpful in determining the
optimum drill-site. Besides a large accumulation rate neces-
sary to obtain the desired high temporal resolution of the
climate archive, criteria for this are (i) the thermal condi-
tions at the bedrock (avoiding basal ice at pressure melting),
(ii) the age of near-basal ice, and (iii) from an engineering
point of view, the shear rate in the borehole. During the ac-
tual drilling process, the age—depth profile of the ice core
must be computed by flow modelling in the deeper regions
where stratigraphic techniques are not feasible. Further,
flow modelling is required to find the geographic origin of
the ice in the core. This must be done with as much sophisti-
cation as possible to obtain optimum results, and should
therefore not be done by simple steady-state flowline model-
ling,

2. ICE-SHEET MODEL SICOPOLIS

SICOPOLIS is a three-dimensional dynamic/thermody-
namic ice-sheet model based on the continuum-mechanical
theory of polythermal ice masses (Fowler and Larson, 1978;
Hutter, 1982, 1993; Calov and Hutter, 1997; Greve, 1997hb). It
simulates the time-dependent extent, thickness, velocity,
temperature, water content and age [or a grounded ice sheet
in response to external forcing. Further, possible basal layers
of temperate ice are detected with high vertical resolution
by fulfilling the Stefan-type conditions at the cold-tem-
perate transition surface. External forcing is specified by
(i) mean annual air temperature above the ice, (ii) surface
mass balance (accumulation, surface melting), (iii) sea level
surrounding the ice sheet, and (iv) geothermal heat {lux
from below. The dynamics of the adjacent ice shelves is not
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tic ice sheet and avoid prescribing lateral boundary condi-
tions, a transient palacoclimatic simulation was carried out
for the ice sheet as a whole. This simulation covers
242200 years of climate history (two climatic cycles),
parameterised by the temperature reconstruction AT}, ()
of the Vostok ice core (Jouzel and others, 1993, 1996) and the
SPECMAP sea-level record 2y (t) (Imbrie and others, 1984).
It was initialised by a previous 100 000 year steady-state run
forced by the climate conditions at 242 200 BP. In this initia-
lisation run, the lithosphere temperature was assumed to be
in equilibrium with the geothermal heat flux from below
: R / and the temperature at the ice base at any time in order to
P RSB & reach the steady state within 100 000 years.
‘ —/ It is assumed that the spatial distributions of the mean
; _"/// annual and summer air temperature above ‘the ice, Ti,,
______ o and T, respectively, remain unchanged through time, so
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Here, T10%% and T'°9% are the present distributions of the
mean annual and summer air temperature above the ice, re-
spectively, for which the parameterisations by Huybrechts
(1993) are applied. z, y, z are Cartesian coordinates: x, y
span the horizontal plane; z points upward.

For the present accumulation rate, 5%, we made up a
new map, which is based on 45 data points by Neethling
(1970), Picciotto and others (1970), Isaksson and Karlén
(1994), Mulvaney and WolfT (1994), Paterson (1994) and Isaks-
son and others (1996) around the coring region in Dronning
Maud Land (see Figs 2 and 3). Under climatic conditions

different from today’s, a linear relationship between the ac-
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Fig. I (a) Measured surface topography of the present Ant-
arctic ice sheet, by Drewry (1983). Ice shelves are ignoved. The
shaded area marks the region in Dronning Maud Land where
the EPICA core will be drilled ( Jouzel and others, 1994).
Surface elevations in km a.s.l. ( contour spacing 500m). (b)
Close-up of the coring region in Dronning Maud Land ( con-
tour spacing 250 m ).

75°S

accounted for. The model is discussed in detail by Greve
(1995,1997a) and Hansen and Greve (1996).

In this study, SICOPOLIS is applied to the Antarctic ice
sheet. The results of a transient palaeoclimatic simulation
which covers two entire glacial/interglacial cycles are pre-
sented, with special emphasis on Dronning Maud Land.
Horizontal grid spacing is 109 km. The vertical resolution
is 5l gridpoints in the cold-ice region (temperature below
pressure melting), 11 gridpoints in the temperate-ice region
(temperature at pressure melting) if existing, and 11 grid- Fig. 2. Positions of accumulation measurements in the vicinity
points in the lithosphere. of the coring region in Dronning Maud Land ( the latter is
situated within the dashed rectangle ), on which the accumula-
tion map used for the simulation is based. Nos. 75-90 by Mul-
vaney and Wolff (1994); nos. 99106 by Isaksson and Karlén

80°s

3. SIMULATED PRESENT STATE OF DRONNING

USRI LN (1994); no. 107 by Isaksson and others (1996); nos. 165-192 by
3.1. Model set-up Picciotto and others (1970); nos. 221-222 by Paterson (1994);

no. 259 by Neethling (1970). Contours are surface elevations in
In order to provide an optimum present state of the Antarc- kma.s.l.
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Fig. 3. Interpolated accumulation pattern resulting from the
measurements of Figure 2_for the coring region in Dronning
Maud Land (in emice equivalent a "), The proposed drill-
site is marked by the full triangle.

cumulation rate S and the temperature deviation AT}, is
assumed:

S(xz,y,t) = 5% (z, y) (1 + 7, ATwa),

with 7, = 0.08286°C". (2)

The parameter 7, is chosen such that the accumulation rate
is reduced by 50% for the lowest temperature of the Vostok
reconstruction, AT, = —6.04°C.

Surface melting is parameterised by the degree-day

approach with the degree-day factors Byew = 3%5:6> and
Bice = 8IS, the firn saturation rate Poax = 60% and

the standard deviation . = 5°C for statistical air-tem-
perature fluctuations (Reeh, 1991). The geothermal heat flux
is Q;‘(\mh = 54.6mW m * (Huybrechts, 1993). The bedrock
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Fig. 4. Simulated surface topography of the coring region in
Dronning Maud Land. Surface elevations in km a.s.l. ( con-
tour spacing 250 m ). The proposed drill-site is marked by the
Jull triangle.
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topography is by Drewry (1983). Further physical param-
eters arc the same as those applied by Greve and others (in
press), except for the enhancement factor in Glen’s flow law,
for which the spatially and temporally uniform value £ = 5
is used here.

3.2. Results

We now discuss the results of the simulation described above
for the present state of the coring region in Dronning Maud
Land (Fig. 1). Figures 4-7 depict the computed surface cle-
vation, h, homologous basal temperature, 1} (that is, cor-
rected for the pressure-melting point), age at 85% depth,
Ags, and basal shear deformation, Sy, respectively.

Comparison of Figures 1b and 4 shows that the simu-
lated surface topography is in reasonable agreement with
the measured one. The most conspicuous discrepancy con-
cerns the surface gradient (and therefore the flow direction)
in the southeast of the depicted region where the modelled
and measured directions differ by 55° This demonstrates
the preliminary nature of the results, which is due, on the
one hand, to still insufficient information about the bedrock
topography and the accumulation pattern and, on the other
hand, to the coarse horizontal resolution and perhaps
neglect of the effect of normal stress gradients on the ice flow
(see below).
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Fig. 5. Simulated basal temperatures for the coring region in
Dronning Maud Land, corrected for pressure melting (in °C;
spacing 5°C). Open circles ( full circles) indicate gridpoints
where the basal ice is at pressure melting without (with) an
overlain layer of temperate ice. The proposed drill-site is
marked by the full triangle.

The basal temperature shown in Figure 5 varies con-
siderably, covering a range from below —20°C to pressure
melting, For five gridpoints in the western part, even a basal
layer of temperate ice is predicted. Since the water flow in
temperate ice disturbs the stratigraphy of a potential ice
core, the vicinity of these points must be avoided as coring
positions.

The age at 85% depth (Fig. 6) increases distinctly from
northwest to southeast due to the decreasing accumulation
(Fig. 3) and the increasing thickness. The objective of the
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Fig. 6. Simulated age at 85% depth _for the coring region in
Dronning Maud Land (in ka; spacing 50 ka ). The proposed
drill-site is marked by the full triangle.

EPICA ice core in Dronning Maud Land is not to provide
basal ice as old as possible, but to provide a climate archive
with high temporal resolution for the most recent climate
cycle. The latter is certainly covered by the condition
Ags > 100ka, which excludes as possible drill-sites only
positions in the northwestern corner of the region.
Numerical diffusion introduced in the age computation,
which is currently unavoidable if the numerical integration
is to be kept stable, affects the computed age values most
conspicuously in a near-basal boundary layer which was
found to be 15% of the ice thickness for similar simulations
of the Greenland ice sheet (Greve and others, in press). In
the rest of the ice sheet the influence of the artificial diffu-
sion is virtually negligible since its associated time-scale is
much larger than the time-scale for the physical process of
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Fig. 7. Simulated basal shear deformation for the coring region
in Dronning Maud Land (wn 10 Ta"). The proposed drill-
site is marked by the full triangle.
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advection which governs the evolution of the age field
(Greve, 1997¢). As a result, we are not yet able to give a rea-
sonable prediction for the basal age of the ice, even though
the computed and depicted values for Ag; should be reliable
from a numerical point of view (see the Appendix, where
this is demonstrated with analytical solutions of the one-di-
mensional steady-state age equation with and without diffu-
sion). Future work must consequently aim to avoid the
numerical diffusion by either adopting a more stable discret-
isation scheme for the purely advective age equation or
applying a direct particle-tracing algorithm. Such studies
are on the way.
The basal shear deformation, defined by

o, \ vy 2]
Sp = (Bz) +(E) ’ (3)

where v, and v, are the velocities in the @ and y directions,
should be as small as possible at the drill-site to minimise
the strain on the drill stem. Figure 7 demonstrates that Sy,
varies by more than a factor of 30 in the coring region: from
below 0.01a ' to above 03 a . One may restrict the tolerable
shear deformation to a maximum of .03 afl, which confines
possible drill-sites to slightly less than half of the region.

3.3. Preliminary proposal for a drill-site

With the findings of the simulation discussed above, a pre-
liminary proposal can be made for the position of the EPI-
CA ice core to be drilled in Dronning Maud Land. It is the
gridpoint with the coordinates 73°57" S, 03°35" W, situated
on a saddle in the northwest of the region considered for cor-
ing. T'his position is marked by the full triangles in Figures
37, and is characterised by the following simulated values:

Surface elevation 2684 ma.s.l.
Bedrock elevation 1492 m a.s.1.
Accumulation rate 18.1 cm ice equiv.a '
Basal temperature —24.7°C

Age at 85% depth 111 ka

Basal age (uncertain!) 262 ka

Basal shear deformation 0.0187a”"

Evidently, the criteria for the choice of drill-site are fulfilled
very satisfactorily. The accumulation rate is sufficiently
large to ensure a high temporal resolution, the basal tem-
perature is far below melting, the most recent climate cycle
1s captured entirely (even though the value for the basal age
is unreliable due to the disturbing effect of numerical diftu-
sion; see above) and the basal shear deformation is small.

For further illustration, the depth profiles of the tem-
perature, T, the age, A, the horizontal velocity, vy, and the
basal shear deformation, Sy, are depicted in Figure 8 for this
position. As is typical for age—depth profiles of ice columns,
the gradient is very small in the upper part where the accu-
mulated ice layers remain essentially unchanged. By con-
trast, layer thinning due to ice spreading causes a distinctly
larger gradient in the lower part, which explains also the big
difference between the age at 85% depth and the basal age.
Owing to the increase of shear stress with depth and the
non-linearity of Glen’ flow law, the main shear deformation
takes place in the lowermost quarter of the column. Conse-
quently, the strain on the drill stem is very small above this
near-basal part.

The above results must be regarded as preliminary. The
still poorly known bedrock topography and the lack of accu-
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mulation measurements in large parts of the coring region
may lead to inaccuracies in the simulation results. Further
measurements will be carried out in Dronning Maud Land
within the EPICA project, so that this shortcoming can be
remedied in the future. Parallel to the completion of these
input data, a grid refinement for the coring region in Dron-
ning Maud Land will be implemented in our model in order
to provide simulation results with higher spatial resolution.
Owing to the mountain ranges of Maudheimvidda and
Fimbulheimen situated downstream of the coring region,
normal stress gradients which are neglected in the shallow-
ice approximation on which the model is based (Greve,
1997b) may have a noticeable effect on the ice flow. There-
fore, the contribution of these stress components will be
accounted for in the high-resolution coring region.
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Fig. 8. Simulated depth profiles of temperature, age, horizon-
tal velocity and shear deformation for the proposed drill-site at
73°57' 8,03°35' W,

4. CONCLUSION

The three-dimensional dynamic/thermodynamic ice-sheet
model SICOPOLIS was applied to the Antarctic ice sheet,
and the computed present state of Dronning Maud Land
which results from a palacoclimatic simulation along two
climatic cycles was discussed. The objective is to provide
model support for the EPICA ice core which is planned in
this region. A possible drill-site is proposed based on suit-
able values for the accumulation rate, basal temperature,
age and basal shear deformation, and a preliminary age—
depth profile for this position is given.
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We aim to improve the model set-up in close cooperation
with the EPICA project members, who will supply new data
from observations in Dronning Maud Land. In particular, a
more precise bedrock topography, additional accumulation
data and information on flow properties of the ice will be
obtained in order to ensure a proper modelling of this
region. Together with the implementation of a grid refine-
ment and the consideration of normal stress gradients, this
will lead to more accurate results which can be used to
determine the final coring position. Furthermore, the com-
putation of age—depth profiles (dating) will be improved by
applying a diffusion-free algorithm for the advective age
equation.
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APPENDIX

ANALYTICAL SOLUTION OF THE ONE-DIMEN-
SIONAL AGE EQUATION

Consider the one-dimensional steady-state equation for the
age A,
da
v,— =1,

dz
the normalized ice-sheet geometry b = 0 (ice base), h =1
(ice surface) and the normalized constant downward
velocity v, = —1 Under these conditions, the solution of
Equation (Al) is simply
A(z)=1-2 (A2)
Let us add some numerical diffusion to Equation (Al):

dA 424
= cslih
Wgy = LTI

where Dy is the numerical diffusivity. The solution of this
modified problem is

Apg(z) =1—2+ C(e“_z)mA = 1). (A4)

A(z=h) =0, (A1)

A(z=h)=0,  (A3)

The constant C' is undefined due to the parabolic nature of
Equation (A3). With the artificial Neumann-type basal-
boundary condition

dA
— =~y , (A5)
a2 |5
where I'y is the prescribed basal age gradient, its value is
C =Dy(Ty —1)e 1/Ps, (A6)
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Table 1. Error of the age function A( z) due to numerical dif-
Susion. Prescribed basal gradient Iy = 200

Surface  50% depth ~ 85% depth ~ 99% depth Base

Dy =1 0 475 %100 981 x10' 124 x10° 126 x10°
Dy =01 0 133%107"  444x10°  180x10"  199x10'
Dy =001 0 384x10% 609x107 732x10" 199x10°
Dy =000l 0 <100x10*<100x10* 903x10° 199 x10'

and thus, from Equation (A4),
Agig(2) = 1 — 2+ Dp(Tp — 1) (e-z/DA - e_”D"). (A7)

With Equations (A2) and (A7), the influence of the artificial
diffusion on the age function can be quantified in terms of
the error

e(z) = Agir(2) — A(z) = Da(Ta — 1) (e—Z/DA _ e—]/!),\).
(A8)

Table 1 shows e(z) for z =0, 0.01, 0.15, 0.5, 1, four different
diffusivities Dy and the basal gradient I'y = 200, which
was used in the actual three-dimensional simulation dis-
cussed in this paper. Evidently, with decreasing diffusivity,
the diffusion effect on the computed age concentrates more
and more on a near-basal boundary layer, as was claimed in
section 3.2, and, for Dy < 0.01, the error 1s indeed negligi-
ble, down to 85% depth. With the thickness scale
[H] =2000m, the vertical-velocity scale [V]=0.Ima"’
and the time-scale [T] = [H]/[V], the dimensional diffusiv-
ity 5x10%m s used in the simulation corresponds to
the normalised value

Dy=5x10%m2s ' x _@5 =789x107%.  (A9)

[H]
The numerical scheme itself is diffusion-free in the vertical
because vertical advection is discretised by centred differ-
ences (instead of horizontal advection for which an upwind
scheme is applied). Therefore, our assertion that the com-
puted ages down to 85% depth are basically unaffected by
the numerical diffusion is supported.
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