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ABSTRACT

The dynamic state of the West Antarctic ice sheet
has been termed the grand problem of glaciology. An
attempt is presented to assess it by simulating the
observed ice thickness and ice velocities along a
cross-section from ice stream B (Ross Sea) to Pine
Island Glacier (Pine Island Bay) with a numerical
model developed from the one described by Budd and
McInnes (1978). A kinematic analysis with topo-
graphical and regime data from various sources shows
the mass fluxes observed near the grounding Tine of
the Ross Ice Shelf to be of the order expected for
steady-state balance. Deformation of the ice accounts
for only a small fraction of the observed flow there.
Simulations (to be described in detail elsewhere)
with the Budd/McInnes surging mechanism can approxi-
mate the existing ice thickness as a post-surge
feature but fail to reproduce the high balance
velocities. Both these velocities and the existing
ice-thickness profile are simulated successfully
as a state of steady sliding, with parameter-
izations involving the ice thickness above that
corresponding to buoyancy and realistically assumed
longitudinal strain-rates. A range of results is
presented to illustrate the sensitivity of the
simulation to changes in various parameters.

1. INTRODUCTION

Weertman (1976) has referred to the present
dynamics of the West Antarctic ice sheet as "glacio-
Togy's grand unsolved problem". Numerical modeling
can provide insight into the relation between the
various physical features of the ice sheet. Although
three-dimensional modeling of the type described by
Budd and Smith (1982) and Jenssen (1977) is usually
more comprehensive, two-dimensional modeling for ice
flow along the cross-section of a flowline has
certain advantages. The main one is that reduced com-
putation time makes it possible both to explore a
wider range of possibilities for various combinations
of unknown factors and to carry out simulations of
ice-sheet growth and reaction over the long periods
needed to achieve steady states. On the other hand,

the two-dimensional modeling requires parameterization
of certain three-dimensional effects which need to be

re-evaluated if the three-dimensional conditions
change with time.

The study here presented has therefore been
carried out in conjunction with the three-dimensional
modeling of Budd and others (1984) in an attempt to
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understand some aspects of the dynamics of ice streams
and outlet glaciers. Particular emphasis is placed on
the dynamics of sliding. Only after this is adequately
understood can the questions raised concerning the
possible future behavior of the ice sheet (e.g. by
Hughes (1973) and Thomas (1976)) be reasonably
answered.

Additional impetus for the present study has been
provided by the extensive surface and bedrock data in
the Scott Polar Research Institute (SPRI) map folio
series described by Drewry and Jordan (1980), and by
ice-movement data for the Ross Ice Shelf (Thomas and
MacAyeal 1982) and for Pine Island Glacier (Crabtree
and Doake 1982). These new data provided a useful
opportunity to test the power of an extended version
of the two-dimensional model of Budd and McInnes
(1979). Specifically the aim is to provide a dynamic
explanation for the existing shape, size and flow
regime of the West Antarctic ice sheet through
numerical modeling of a representative cross-section,
and a general analysis of the fast s1iding flow in
outlet glaciers and ice streams.

Fig.l. Map of the West Antarctic ice sheet showing
surface elevation contours (SPRI map folio), the
flow 1ines chosen for the model, and the estimate
of the maximum width of the ice stream (dashed
line). The width ratio from inland basin to ice-
stream outflow is taken to be 4:1.
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2. DATA SOURCES FOR WEST ANTARCTICA

For West Antarctica the ice surface and bedrock
elevations were obtained from the SPRI map folio
series using map preprints by courtesy of
G de Q Robin and D J Drewry for the region of West
Antarctica described by Jankowski and Drewry (1981).
From the surface elevation map we constructed a con-
tinuous cross-section, crossing the divide and
flowing into ice stream B in the Ross Ice Shelf (as
described by Rose (1979)) on the one side, and out
through Pine Island Glacier, a major outflow glacier
(as described by Crabtree and Doake (1982)), on the
other side. The positions of these flowlines are
shown in Figure 1. Surface elevations and bedrock
elevations were read from the maps and interpolated
to 20 km grid intervals. The spacings of neighbouring
flowlines going out through the same ice streams
were used to obtain an effective ice stream width
for three-dimensional parameterizations along the flow
Tine.

Accumulation data were obtained primarily from
the compilations of Bentley and others (1964) and
Bull (1971). Ice temperatures were obtained from Budd
and others (1971, 1984). The major features along the
flow lines are shown in Figure 2.
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Fig.2. The model cross-section along the flow Tines:
Pine Island flow 1ine on the left and ice stream
B flow line on the right. The upper curve shows
the input accumulation profile (ice equivalent)
and the lower graph shows the ice-surface eleva-
tion and ice-shelf representation and bedrock
elevation. The two arrows mark the initial ground-
ing-1ine position. The constant grid-point spacing
is 20 km.

3. NON-STEADY STATE AND ICE-SHEET SURGING INVESTI-
GATIONS

Since the main emphasis will be placed on the
state of balance and a stable s1iding regime, only a
brief summary of concurrent surging investigations is
given in order to place the possibility of surges into
perspective.

The main features of a model of self-surging
glaciers and ice sheets have been described by Budd
and McInnes (1974), Budd (1975), Budd and McInnes
(1978). The extensions required for three-dimensional
parameterization for the model have been described by
Budd and McInnes (1978). New developments are the in=-
clusion of a varjable ice divide and a direct depend-
ence of the ice-flow parameters on the temperature of
the ice as a function of distance along the flow 1ine
(McInnes 1982).

In surging calculations the model is run for a
wide range of the sliding and flow parameters to
examine the full range of possible behavior of the
jce-sheet model (from dominant deformation flow, to
periodic sliding/surging, to steady fast sliding).
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Descriptions of these types of flow have been given
by Budd and McInnes (1976, 1979). Detailed results
for the West Antarctic flow 1ine will be reported
elsewhere. Their main features are as follows:
(a) the present West Antarctic-Ross basin profile
resembles a post-surge or fast-flow profile rather
than a pre-surge profile, (b) post-surge model
velocities are small and well below those needed to
balance the net accumulation upstream, and (c) the®
fast flow regime tends to be faster, and the cross-
section profile thinner, than the present ice sheet.
A1l these results were obtained for constant
external conditions and do not include surge-1ike
reactions to possible sea-level or bedrock changes.
It can be concluded that, although surging and non-
steady flow states cannot be ruled out, the dis-
crepancy between the ice velocities required for
balance, as discussed below, and the velocities ob-
served on the Ross Ice Shelf by Thomas and MacAyeal
(1982) and on Pine Island Glacier by Crabtree and
Doake (1982) make a stable s1iding regime close to
balance more 1ikely. We therefore consider how this
might be modeled to match the observed cross-section
shape and velocities.

4, STEADY-STATE BALANCE

For each of the flow lines in Figure 1, the ice
flux required for steady-state balance has been cal-
culated from the relation

1 X
VI == [ RY dxs; (1)
YO

where V is the average column velocity at distance

x along the flow line (from the summit), Z is the ice
thickness, Y(x) is the spacing between neighbouring
flow lines at x, and A(x) is the accumulation rate.
From this relation the "balance velocity" V is com-
puted; the results are shown in Figure 3. Although
there is little information on velocity available in
the interior, apart from the results near Byrd
(Wnhillans 1979), the flux rates on the Ross Ice Shelf
(Thomas and MacAyeal 1982) and Pine Island Glacier
(Crabtree and Doake 1982) agree broadly with those
shown in Figure 3 and suggest that the ice flow may
be close to balance within the error of the data.

In order to understand how a velocity distribution
corresponding to zero net mass balance comes about, we
will now describe features which are determined from
the geometry. The basal shear stress is computed from

Th = pg(sina)Z, (2)

where p is the average ice density, g is the gravi-
tational acceleration, and a is the surface slope
averaged over several grid intervals. Unlike the bal-
ance velocity which increases monotonically from the
summit to the floating ice, the basal shear stress
increases to about 0.6 bar, and then decreases to near
zero at the grounding line.

An expression for the contribution of internal
deformation to the velocity, which is of the form

V.[ = kl ‘tbn Z (3)

where k; is dependent on the temperature of the basal
layer, has been found suitable for the interior
region as the stress increases, but does not explain
the fast flow increasing towards the grounding line.
It is therefore concluded that the observed high
velocities must be due to the ice sliding.

The empirical ice-sliding studies of Budd and
others (1979) indicated that the following type of
relation held for the ice-s1iding velocity Vs in the
stable s1iding range

Vs s 3 (4)
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where R is a factor depending on the bed roughness,

N is the normal stress and f1 and f» are functions
which may be approximated in the simplest form by
power relations but with exponents that may change
with stress. In this case the functions may be better
represented by polynomial functions.

Since the normal stress is related to the excess
ice thickness Zx above the thickness just required
for floating (i.e. the buoyancy condition), the values
for Zx are also shown plotted in Figure 3 with those
of Z along the flow Tines. The decrease of Zx towards
the grounding 1ine means that the sliding velocities
can increase in spite of the decreasing base stress.

PINE ISLAND FLOWLINE i
IO’;‘ _é
[ ]
g 107 40T
v 2
£ @
10't 301
| I N N T OSSO 8 | | [ TR P B T SN SO B =R S c
05 % 100 o O

GRID POINT

Fig.3(a). Derived geophysical features for the West
Antarctic ice sheet cross-section: ba1aqce velocity
Vpa1 (V), basal shear stress tp, ice thickness Z,
and ice thickness above buoyancy Z+ for the Pine
Island flow line (summit to grounding 1ine of
Pine Island Glacier).
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Fig.3(b). Derived geophysical features for the West
Antarctic ice sheet cross-sectiona ba1aqce velocity
Vbal (V), basal shear stress T, ice thickness Z and
jce thickness above buoyancy Zx for the Ross flow
line (summit to the estimated position of grounding

1ine of ice stream B).

5. DERIVATION OF ICE-SLIDING AND DEFORMATION PARAMETERS
We aim to derive appropriate functions for the
s1iding relation of the form

f1ltp)

(5)
folZx)

where at least in the first instance the large-scale
average basal roughness is assumed constant.

In order to determine the appropriate functions
f1 and fp, the values of the balance velocity V are
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Fig.4(a). Ice-sliding and deformation dynamics implied
by present steady-state balance. Plotted are the
calculated values of balance velocity against basal
shear stress for each grid point along both flow
lines: Ross (dots) and Pine Island (crosses). From
these values, isolines of Zx (m) (ice thickness
above buoyancy) are drawn.
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Fig.4(b). For the Ross flow line computed values of
balance velocity over base stress to power p are
plotted against the ice thickness above buoyancy
for three values of p (1, 2 and 3). The corres-
ponding line slopes are 1 (p = 1), 1.5 (p = 2) and
2 (p = 3), where the value of the negative line
slope gives an estimate of the Zx power in the
stable sliding relation.

plotted against Tty for various Zx values in Figure
4(a), and V/7,P is plotted against Z for various
p values in Fqure 4(b).

These plots suggest that it might be possible to
approximate the s1iding relation in the high sliding
zone (where the deformational component is negligible)

VS = kz [pr/Z*q] (6)

a7
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where p and q are constants. The best fits occur in
the range p = 1 to 3, and q = 1 to 2, Even with

these approximations it is difficult to obtain a good
fit for both the apparent high sliding speeds near
the grounding Tine and the necessarily slow sliding
rates found as far inland as Byrd. A better fit has
been obtained by the following relation

Vs = k2 tp/(Z% + Z*zyks) (7)

where k. = 400 m and k, = 1-2 x 105 m2 bar™! a~1,
This form of sliding relation using a range of
xa1ues_for the parameter kp is used to form a total
dynamics" velocity

Va =V + ¥ (8)

The model of Budd and McInnes (1979), with the
extensions described in section 3, determines this
velocity from the geometry of the ice mass for pre-
scribed flow parameters. The steady-state profiles
are computed from the mass input, starting from an
initial base rock or ice-sheet surface profile and
stepping forward in time. The present form of the
model permits the sliding velocity to be calculated
with either the self-surging or the stable sliding
mechanism; all the results that follow have been ob-
tained with the latter (Equation (7)) only.

6. STEADY-STATE PROFILES FOR STABLE ICE SLIDING

In order to run the stable sliding model, and to
allow it to reach its own steady-state shape and size,
it is necessary to include a grounding floating cri-
terion and to have some way of determining the strain-
rate of the floating ice. For the floating criterion
the relation between ice-surface elevation E and ice
thickness Z was taken as E - 20 = Z/9 in meters. This
relation gives a reasonable fit to the results for
elevation and ice thickness on the Ross Ice Shelf for
the thicker ice near the grounding 1ine determined by
Crary and others 1962).

For the ice-shelf strain-rates, two values are pre-
scribed: one at the grounding line £, and the other
as an average over the ice shelf ¢ .gThe behavior
of the model for a wide range of tﬁese strain-rates has
been studied. Such a prescription of ice-shelf strain-
rates (which can be compared with observed values)
avoids the problems of having to model the complex ice-
shelf flow.

The expression for stable sliding velocity re-
quires that Z+>0. In reality, as Zx becomes small, the
ice flow becomes controlled by other stresses such as
transverse shear and ice-shelf strain-rates. This
behavior has been similarly controlled in the model
by using the prescribed grounding-line strain-rate as
a maximum strain-rate as Zx becomes small.

For the model runs (stable sliding only) then the
key variable parameters are the sliding flow factor
kp and the grounding-line strain-rate £,. The de-
formation flow parameter ki and the ice average ice-
shelf strain-rate £. are less important but have
been also studied to establish the sensitivity of the
model to a range of values of each.

Because the characteristics of both the Pine
Island and the Ross sides of the flow 1line are quite
disparate, the use of different parameters for the
different sides was also explored.

Figure 5 shows steady-state profiles obtained by
starting from the observed profile and running the
model 10 ka forward in time for different values of
the set parameters. If the sliding factors or strain-
rates are set too low, the ice sheet builds up to a
large slow flowing form. If the sliding or strain
parameters are set too high, the ice sheet thins,
retreats and develops a fast flow regime in which
sliding is dominant. The profile is rather sensitive
to the parameters but it is possible to obtain values
which give a close matching to the observed profile.
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Fig.5. Sensitivity of steady-state ice-sheet profiles
to changes in the ice-flow and sliding parameters
and in the strain-rates. The parameter values are
listed above, and the model growth time was 10 ka
starting from the present initial profile (dashed
1ine). Values are given for the Pine Island side
first then the Ross side.
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Profile kz E‘.g s
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1 2:57,. 1.83 .004, .0015 .004, .0003
2 1.83, 1.47 .004, .0015 .004, 0003
3 1247, 1:10 .004, .0015 .004, .0003

Fig.b. Final steady-state profiles after a growth
time of 10 ka starting from the present ice surface
(dashed 1ine), resulting from the model with stable
s1iding formulation only. The parameter.values for
the model are: sliding constant kp, strain-rate
maximum for grounded ice €,, ice-shelf strain-rate
€c. The deformation ve]nci%y factor was constant
k1 = 0.0046 (bar™3 a™) for power law n = 3, and
and kg = 400 m.

For the reasonably close match after 10 ka growth
(Fig.6) the following values were used.

Ross side

0.0046

Pine Island side

ki bar™3 a7} 0.0046

k, 105 bar-! m? a~! 2.57,1.83,1.47  1.83,1.47,1.10

0.004 0.0015

0.004 0.0003

The "close fit" values are similar in magnitude
to the results obtained for the three-dimensional
modeling by Budd and others (1984), but some differ-
ences occur as could be expected for different flow-
1ine geometries. The larger strain-rates on the Pine
Island side are in accord with the absence of a large
ice shelf in Pine Island Bay; similarly, the larger
values kp could reflect the smaller restraint exerted
by its free-floating tongue.

It is now possible to study the reaction of the
model to a wide range of external changes associated
with climate, sea-level or bedrock height. This work
is left for a future study but in the interim it may
be noted that any additional data on observations of
ice velocities and thickness along the outlet ice
streams and glaciers can provide further testing of
the model.
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