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ABSTRACT. A three-dimensional (3-1)), high-resolution, non-linearly viscous, non-
isothermal ice-sheet model is employed to calculate the “present-day” equilibrium regime
of the Antarctic ice sheet and its evolution during the last glacial cycle. The model is aug-
mented by an approximate formula for ice-sheet basal temperature, based on a scaling of
the thermodynamic equation for the ice flow. Steady-state solutions for both the shape and
extent of the areas of basal melting (or {reezing) are shown to be in good agreement with
those obtained from the solution of the full 3-ID thermodynamic equation. The solution for
the basal temperature field of the West Antarctic Siple Coast produces areas at the pres-
sure-melting point separated by strips of frozen-to-bed ice, the structure of which is remi-
niscent of Ice Streams A—E. This configuration appears to be robust, preserving its
features in spite of climatic changes during the last glacial cycle. Ice Stream C seems to
be more vulnerable to stagnation, switc hmg to a passive made at least once during the
penultimate interglacial. We conjecture that the peculiarities of local topography deter-
mine the unique behavior of Ice Stream C: reduced basal stress and, consequently, rela-
tively weak warming due to internal friction and basal sliding is not able to counteract the

advective cooling during the periods of increased snowfall rate.

INTRODUCTION

The discovery of Heinrich events in the North Atlantic (i.e.,
episodes during which the ice streams that discharge ice
sheets became enormously active, producing large numbers
of icebergs possibly associated with a partial collapse of the
ice sheets) provided new motivation for Antarctic research,
especially for studies of the West Antarctic ice sheet, since its
activity is also dominated by fast-flowing ice streams. In this
regard, the following key questions may be formulated: (1)
what is the modern configuration and behavior of the West
Antarctic ice sheet (e.g. where is it changing and by how
much?), (2) what is the elimatic history of West Antarctica
(e.g. was there an ice sheet present during the last inter-
glacial?), (3) what are the leads and lags of West Antarctic
ice-sheet advance and retreat with global sea levels and with
glacial fluctuations in the Northern Hemisphere and other
parts of the Southern Hemisphere?

Though the potential instability of the West Antarctic ice
sheet was a central issue of numerous carlier studies (e.g.
Hughes, 1973; Mercer, 1978; Alley and Whillans, 1991), it is
only recently that more comprehensive three-dimensional
(3-D) models of the Antarctic ice sheet have been developed
(Huybrechts, 1992; Budd and others, 1994). These models,
however, consider large-scale ice-sheet dynamics as sepa-
rate from mesoscale ice-stream dynamics (e.g. MacAyeal,
1992). This is because the thermal features of coastal ice
streams, which attain just a few hundred kilometers in
length, cannot be resolved in a large-scale model. It is not
unlikely that the artificial horizontal dittusion inherent in
numerical solutions of 3-D equations forces modelers to
sacrifice mesoscale effects in favor of numerical stability.

Nevertheless, one should recognize that to answer the
above questions, we must simulate the ice sheets with a 3-ID
model from which we can calculate the ice topography, the
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veloeity of the ice flow, and the temperature distribution, to
a level ofaccuracy necessary o produce ice streams internally
without prescribing them. In the next section, we formulate
an ice-sheet model utilizing a simple formula for the basal
temperature that is free from an artificial horizontal diffu-
sivity, and allows simulation of temperature structures that
could be associated with ice streams. We shall demonstrate
that applying our model to the late Pleistocene, ice-stream-
like structures appear and disappear, and switch to active or
stagnant modes, as a part of a single solution responding to
external forcing.

THE MODEL

Ice dynamics

The dynamic part of the model is governed by an equation
representing a mass balance of the non-linear ice flow,

oH
ot

=A—- M- [0 (ugH) + ,}) (I?HIH)}

s KH 5 dh (h'.l (7?:

2('0(;)5 r)r { dr [ ar r)r,u

T )
2 50n | omy2 o (an)”

where H is the ice thickness; his elevation, h = h' + H — &
h' is the bedrock topography measured above sea level;
h' = h{; — ¢, hy, is the “undisturbed™ bedrock topography; ¢
is the bedrock depression under the ice load; £ is the change
in the sea level; A is the accumulation rate of snow onto the
ice sheet; M is the mean annual ablation; g and p are the
gravity acceleration and the density of ice, respectively;
n = 3, where n is a power degree and A is the vertically in-

(1)

tegrated temperature-dependent coefficient in Glen’s rheo-
logical law; and wuy and vy are components of the sliding
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velocity. We restrict ourselves to studying grounded ice
dynamics only, and leave aside the role of ice shelves. There-
by we accept the arguments of Hindmarsh (1993b) that, to
the order of the commonly used approximations, ice-sheet
mechanics do not require knowledge of the stress distribu-
tion across the transition sheet—shelf zone. However, we re-
cognize that the mass balance of an ice sheet might be
influenced strongly by thermal effects along the calving per-
iphery of an ice sheet.

As the boundary condition for the model, we set H = 0
beyond the ground line, where the flotation condition,

pH < py(€— 1), (2)

is satisfied. Here, p,, is the density of the sea water. This
equation implies that the grounding line can advance due
to bedrock rebound and sea-level drop, and can retreat due
to decreased ice thickness, bedrock depression, and sea-level
rise. It is noteworthy that the movement of the grounding
line is computed simply from the ice-sheet mass balance
(Hindmarsh, 1993b). The above boundary condition is
equivalent to the assumption that the grounding line resides
somewhere  between the last grounded  point
[H = (£ — h')py/p] and the boundary point (H = 0) where
the ice-sheet profile, as determined by the numerical discre-
tization, takes the value H = (§ — h')py/p. We allow for
possible ice-shelf grounding by calculating the critical thick-
ness of an ice shelf as He, = (A/C')”UH—l (Oerlemans and
van der Veen, 1984), and consider an ice shelf to become
grounded if pHer > py (€ — R').

The bedrock 1s assumed to be depressed locally by the
ice load (Deblonde and Peltier, 1993):

¢ (p/p)H = ¢
" (3)

where 7¢ is the relaxation time constant and pg is the density
of the bedrock.

A simple formula for the ice-sheet basal temperature

It has been noted (Hindmarsh, 1993a; Verbitsky and Saltz-
man, 1995) that any errors in ice-topography calculations
are non-linearly amplified in the advective terms of the
equation of heat transfer. Since the horizontal velocity of
ice advection is proportional to the ice thickness to the
power 2n + 1 (e.g. Verbitsky, 1992), a 10% error in ice thick-
ness for the conventional value of n = 3 leads to nearly a
100% error in horizontal velocity, which makes the accu-
racy of the temperature calculations rather dubious. More-
over, as we noted above, some mesoscale temperature
features could be lost due to the artificial horizontal diffu-
sion inherent in numerical solutions of the 3-D thermodyna-
mical equation (e.g, Huybrechts, 1992). For all these
reasons, one might be reluctant to expend significant effort
in solving the full 3-D energy equation for an ice sheet, espe-
cially when a vertically integrated model is employed and
the details of the vertical temperature structure are not a
matter of concern. Here we suggest a simple formula for
the basal temperature of an ice sheet, which is free from ar-
tificial diffusion effects, and at the same time is good enough
to reproduce the large-scale features of a solution obtained
from the 3-D energy equation.

It was shown by Grigoryan and others (1976) and Mor-
land (1984) that in the usual glaciological system the ratio of
the conductive component to the advective component of
the heat flux above the bottom boundary layer (BBL) is
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small, and an ice-flow trajectory has a near-constant temp-
erature determined by its value on the top surface of the ice
sheet. We determine the thickness of the BBL, #, from the
balance of the vertical diffusion, £7},, and advection of heat
measured by uT (T is the temperature, w is the horizontal
velocity, and k& is the thermal diffusivity of ice). Scaling u
from the mass-balance requirement u = aL/H (H is the
ice thickness, a is the snowfall rate, and L is the horizontal
span), and setting Ty = AT/L, and T, ~ AT/n* (thus
assuming that vertical and horizontal temperature gradi-
ents are of the same order of magnitude), we have (see also

Morland, 1984):
kH
= — 4
n=xy/~ (4)

where X is a proportionality constant. Within the BBL, the
vertical-heat diffusion is in balance with heating due to
internal friction, f,

My+f=0, (5)

where A is the thermal conductivity of ice.
At the bottom (z = 0)

—AT, =@, if T < Ty, and T = Ty otherwise, (6)

where Ty is the pressure-melting temperature, and @) is the
geothermal heat flux that can be enhanced by the heat of
basal sliding @' = Vyn, and by the heat of fusion Q" if
T = Ty, where V5 is the basal sliding velocity and
(= —pgHVh) is basal-shear stress. For the sliding
velocity we adopt the approximation of Greve and Ma-
cAyeal (1996): Vi; = kg7, where ky is a constant. At z = 7,

In accordance with the above, the temperature Tj, is
assumed to be advected from the top surface of the ice sheet
with the time lag H/a, and can be determined from the
equation,

(o), = (Th — Th)/(H/a), (8)

where T}, is the temperature on the ice-sheet surface.

Solving Equation (5) with the boundary conditions of
(6) and (7), we finally obtain the formula for the basal temp-
erature 1,

Tg=T, + (]le:fdz’dz—l— (Q+Q + Q”)n) /A (9)

A few remarks regarding this formula are appropriate.
First, we want to clarify how horizontal advection is taken
into account. Horizontal advection does not affect the basal
temperature directly, since there is little horizontal advec-
tion within the BBL. However, horizontal advection affects
the thickness of the BBL. In other words, in an active ice
sheet undergoing an increased snowfall rate, the surface
temperature 7j, penetrates deeper. This effect is taken into
account by formulas (4) and (9). It must be recognized, how-
ever, that calculating Tj, by using Equation (8) may lead to
some error (e.g. it does not account for the temperature in-
version effect); the results shown in the next section suggest
that this error is not significant, but further comprehensive
tests are necessary.

It is important to note that Tp as represented by Equation
(9) is time dependent. In our case, two time-scales are parti-
cularly important: the time-scale of thermal advection,
7 = H/a, and the time-scale of dynamical adjustment to ac-
cumulation rate changes, 71. It can be shown (e.g. Whillans,
1981) that for fixed margins 71 = 7/ (2n + 2) < 7. Both of
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these time-scales enter the calculations through the applica-
tion of Equations (4) and (8) to evaluate 5 and Tj,, respec-
tively. Equation (8) operates with a time-scale 7. This means
that if 7}, changes, this change will be transmitted downward
with a time-delay 7. Equation (4) is a steady-state formula,
and 7 changes instantly. This means that if a changes, the
basal temperature in the model will respond immediately. In
reality, however, the restructuring of an ice sheet (i.e. the
shape, stress, velocities, and rradjustment) takes place with a
time-scale 7. Though in the simple formula we satisfy the
relation 7y €7 by assuming 7 =0, the relation
71 = 7/(2n + 2) is not satisfied. Only further tests can clarify
whether this may be important.
The integral form of the frictional heating term,

/ T padaa,
(

1J0

in Equation (9) does not mean that the internal friction is
“spread” over the whole depth of the BBL instead of being
concentrated near the bottom. In the model, frictional heat-
ing is calculated using the exact solution for the strain rate
and shear stress. If at some point f is equal to zero the inte-
gral is not affected by that point.

The above formula for the basal temperature in Equa-
tion (9) will now supplement the dynamical part of the ice-
sheet model (1). When the basal temperature reaches the
pressure-melting point, a lubricating water layer forms and
ice begins to slide at a rate proportional to the basal shear
stress. In view of the uncertainties regarding the subglacial
hydrology process (e.g. Hughes, 1992), the coefficient ky in
the sliding law is in fact a free parameter; in our experi-
ments pgkg = 10a '. We assume the rheological coefficient
K 1o be a [unction of basal temperature, and use the Shums-
kiy (1975) approximation, K = Kyexp[—&(Ty/T5 — 1)],
Ko=15 x 10 “(Pa*a) |, k=2L1 In all experiments,
x=1, 7 =3000a, Q@ =00546Wm 2

MODELING THE “PRESENT-DAY” EQUILIBRIUM
REGIME OF THE ANTARCTIC ICE SHEET

We solved the model equations on a high-resolution
(40 x 40 km) grid for values of the climatic temperature,
bedrock topography, and snowfall rate adopted from Huy-
brechts (1992, 1994). The equilibrium solution, which we
associate with the “present-day” state (probably non-equili-
brium), is shown in Figures | and 2 for some of the two-di-
mensional variables. It can be seen in Figure la that the ice-
sheet model reproduces reasonably well the ice topography
and velocity distribution of the present-day Antarctic ice
sheet. We note first that the results resemble major features
of the observed ice thickness. Deviations {rom observations
(generally within 10-15% of the present-day thickness) may
be attributed, indeed, to the model’s shortcomings, but
might simply be a manifestation of the fact that the Antarc-
tic ice sheet s not in a steady state, or that there arc errors in
the bedrock elevation data.

The vertically integrated velocity of ice flow (Fig. 1b) is
small (a few meters per year) in the central part of an ice
sheet and at 1ce divides, and reaches a few hundred meters
per year near the grounding line. Points with maximum ice
velocity identify all major ice streams and outlet glaciers.
The thickness of the BBL, determined according to Equa-
tion (4), is shown in Figure lc. Its value reaches roughly
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1000 m in the central part of the ice sheet, and only a few
hundred meters at the peripheral regions.

In Figure Id we show the intensity of heating due to
internal friction and basal sliding in units of the geothermal
heat flux. One can see that geothermal heat flux dominates
in central regions, but internal friction is much more signif-
icant near the ice-sheet edge. Figure 2a shows the calculated
basal temperature, which also compares well with the shape
and extent of the areas of melting and freezing temperature
obtained by Huybrechts (1992) as a solution of the full 3-D
thermodynamic equation (Fig. 2b). This implies that our
simplified formula can represent the relevant thermody-
namics. Moreover, our approach seems to allow us to
simulate the fine temperature structure in the coastal zone.

At the West Antarctic Siple Coast, the bottom temper-
ature has an interesting form: areas at the pressure-melting
point are separated by strips of frozen-to-bed ice (Fig. 2c
and d). If we associate these features with ice streams, they
are reminiscent of (1) Ice Streams A and B, uniting to form a
single flow downstream, (2) a similar structure formed by
Ice Streams D and E, and (3) the narrow Ice Stream C in
the central part of the coast. Not only is the shape of these
structures similar to the ice streams found on the Siple
Cloast, but their behavior is also similar in that their horizon-
tal flow is dominated by the basal sliding, and is much faster
than the flow of the neighboring ice. Although we recognize
that these model-generated features are not ice streams in
the fullest sense, since their horizontal velocities are still less
than the observationally suggested values, in the following
discussion we will refer to this pattern as a “stream-like
structure” or “ice streams”,

Increased snowfall rates intensify the advection of the
cold temperature from the top of the ice sheet to its bottom,
and a consequent decrease in the bottom temperature might
be expected due to thinning of the BBL. To explore this pos-
sibility, we performed a sensitivity experiment, increasing
the snowfall rate over the Siple Coast. In Ice Streams A
and B, D and E, an increase in the frictional heating offset
the advection effect, but friction in Ice Stream C was not
strong enough to counteract it and Ice Stream C switched
from an active sliding mode to slow creeping mode. The
detailed analysis undertaken in the next section will explain
the reason for this.

MODELING THE ANTARCTIC ICE SHEET DUR-
ING THE LAST ICE AGE

A block-scheme of the experimental set-up is shown in Fig-
ure 3. The model variables are shown in rectangles, external
forcing (empirical data) is shown in circles, arrows indicate
interconnection between variables, and plus and minus
signs indicate positive and negative feedbacks, respectively.
We forced our Antarctic ice-sheet model with sea-level and
temperature changes, invoking two widely accepted, inde-
pendent measures of temperature and ice volume (rescaled
in terms of the sea level, 2): the Vostok core-temperature
measurements ( Jouzel and others, 1993) and the SPECMAP
8""0 estimate (Imbrie and others, 1984). Although questions
arise concerning the absolute chronologies of these two
measures, it is of interest to examine their implications, tak-
ing them at face value as the best estimates currently avail-
able. Some support for these estimates has come from recent
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(¢) thickness of the bottom=-boundary laver( m ): (d) heat influx due to internal friction and basal stiding in units of the geother-

studies with regard to temperature changes (Shackleton and
others, 19921 and ice volume (Sowers and others, 1993
For surface temperature, we adopted Huybrechis™ 199+

formula:

T =a+ Bh+yo+ AT\, (10)

3. 4 are coeflicients, and ATy is the
temperature change as represented by the Vostok measure-

where ¢ s latitude, a.
ments. ‘1o caleulate mean annual ablation. we used the
empirical formula of Khodakov (1965, based on measure-
ments [rom glaciers and ice caps:

N = mnx[(l: e (1y vrg)“J, (1)

This formula gives results similar to Pollard’s (1980 para-

meteri
mined according o Huybrechts 1994 as

Ts =y + 3h+v¢+ ATy . (12)

ation. Here T4 is the summer temperature deter-

We represent the snow accumulation rate as the sum ol its
2 and a forced de-

present-clay value, Ay Huybrechts, 199
parture, 0. IMwe assume that A is temperature dependent
Huybrechts, 1994 i.c.
. o r
A=a +aT + a1~ (13)
in the range of temperatures presently prevailing on Ani-
arctica, we have

A=Ay + (as + 2a03T),)AT . (11)

For the temperature departure, AT, we employ the meas-
urements of the temperature at the Southern Ocean core
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Fig. 2.%Present~day”equilibrium regime of the Antarctic ice sheet: (a) the caleulated basal temperature. Red represents the pres-
sure melting point; (b) the same from Huybrechts (1992). White represents the pressuve melting point: (¢)—(d) the calculated
basal temperature (while is at the pressure melling point ) and the bedrock topography for the Siple Coast region.

MD88-770 (46" S, 96" E) studied by Sowers and others
(1993) assuming that these
proxy for moisture availability over the Antarctic continent
than the Vostok temperatures. In Figure 4 we show the as-
signed forcing (i.e. sea level, Vostok, and Southern Ocean
temperature changes). The coevolution of these three vari-
ables forms a complicated trajectory in phase space (Saltz-
man and Verbitsky, 1994).

In Figure 5 we show the calculated changes in the Ant-
arctic ice-sheet volume and area along with the assigned
sca-level changes and mass balance generated according to
Equations (10)—(14). One may note that ice-sheet area is influ-
enced mainly by changes in sea level. On the other hand,
ice-sheet volume reproduces the tendency of the prescribed
sea-level changes on the long time-scale (~100 ka), increas-
ing while the sea level drops and decreasing when sea level
rises, but on a shorter time-scale (~l10ka) ice volume is
highly sensitive to the mass balance. As a result, Antarctic
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variations might be a better

ice volume reached its maximum not during the last glacial
maximum in the Northern Hemisphere, 20 ka ago, but later
during the interglacial when a large positive mass balance is
assumed to have existed due to relatively high ocean temp-
erature. Figure 6 shows the assigned surface temperature
changes, and the calculated mean basal temperature that
appears to follow the surface temperature with a time lag.
Irregularities at 128 ka and 10 ka reflect advective cooling
due to increased snowfall rates.

In Figure 7 we plot the calculated basal temperature at
128 ka, 50 ka, 10 ka, and O ka (end of the experiment). Clon-
sistent with Figure 6, the basal temperature generally
decreases with time as the assigned decrease in the surface
temperature is advected toward the bottom. According to
the model, the present-day temperature still “remembers”
the cold conditions of the last glacial maximum.

The stream-like structure of the West Antarectic Siple
Coast found in the steady-state solution appears to be very
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Fig. 3. Block scheme of the numerical experiment. See detatls
in the text.

robust, and can be observed during the whole glacial cycle
under a wide range of external forcing. Interestingly, as in
the sensitivity experiment described earlier, Ice Stream C
again shows its “readiness” to stagnate and switches to a slow
mode during the penultimate interglacial at 128 ka and par-
tially at 10 ka during the last interglacial when snowfall rates
were high. The question arises as to why Ice Stream C is
more vulnerable to increased snowfall rates.

To answer this question, we have compared the terms of
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Fig. 4. External forcing: surface-temperature changes ( solid
line) from Vostok core measurements ( Jouzel and others,
1993); the SPECMAP 680 estimates ( Imbrie and others,
1984) in terms of the sea-level changes (dotted line), and
measurements of the temperature changes at the Southern
Ocean core MD88-770 (Sowers and others, 1993), dashed

line.

Equation (9) for selected points on Ice Streams A-E. The
results are shown in Figure 8. We note first (Fig. 8a), that,
in the model, Ice Stream C has the lowest “background”
temperature 7, (i.e. the temperature advected from the top
of the ice sheet). Figure 8b shows evolution of the BBL thick-
ness and, being multiplied by @/A, shows the combined
contribution of the geothermal heat flux and thermal ad-
vection to the basal temperature. It is noteworthy that two
major basal cooling events are observed during the last and
penultimate interglacials when snowfall rates are high.

In Figure 8¢ we show the contribution of the internal
heat flux to the basal temperature,

1[” :fd’d
= dz.
AJoto

The penultimate and the last interglacials are also visi-
ble in Figure 8c: periods of high snowfall rates are marked
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Fig. 5. Modeling the Antarclic ice sheet during the last ice age. Calculated changes in Anlarclic ice sheet volume ( thick solid line)
and area (dashed line ), along with assigned sea-level changes ( thin solid line) and surface mass balance ( circled line)
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by increased internal friction. It is of eritical importance
that the internal friction in Ice Stream C is low. We show
the sum,

L o o=
T, + Qn/X + —/ / fddz,
AJo Jo

Fig. 6. Modeling the Antarctic ice sheet during the last ice age,
Calculated mean basal temperature ( thick solid line) along
with assigned surface-temperature changes ( squared line ).

Fig. 7. Calculated basal temperature at (a) 128 ka, (b) 50 ka, (¢) 10 ka, and (d) 0 ka. Red represents the pressure-melting point.
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Fig. 8 Contribution of different factors to basal temperature of Ice Streams A—E: ((1) advected surface lemperature, T3, (b)
tfmAm ss of the bottom-boundary layer, 1), c.vmfmnm."u.f!m;vz of the gmﬁmma!ﬂm, s (¢) contribution of the internal heat flux

)\ b ] fdz'dz ; (d) the sum of the above, Ty, +

in Figure 8d. The combination of coldest surface temper-
ature and low intensity of internal friction gives lce Stream
C the lowest possibility to counteract the advective cooling.
At 128 ka, when snow accumulation was at its maximum,
advective cooling caused the [reezing of Ice Stream O’ base.
At the present day (Fig, 7d), most of the bed of Ice Stream C
is thawed with two frozen sticky spots, which is consistent
with findings of Anadakrishnan and Alley (1994,

Thus, our investigation indicates that the reduced
internal [riction of Ice Stream C and a low surface temper-
ature are possibly responsible for its stagnation. The impli-
cations of Equation (10) are straightforward concerning Tj,
and do not require further discussion. In order to determine
why internal friction in Ice Stream C is low, additional ex-
periments were performed.

In the first experiment, we replaced the real bedrock
topography of the Siple Coast, shown in Figure 2d, by a flat
plane. As a result, the basal temperature field at Siple Coast
displays only one strip of frozen ice. Topographically, this
strip is under the divide that is located close to the present-
day position of Ice Stream C. In turn, this divide appears to
be due to the specific shape of the coastline that has a clearly
identified cape in the southern part of the Siple Coast (Fig.
2d). This ridge, and the strip of cold temperature, disappear
when we change the shape of the coastline by replacing the
cape by a straight coastline. We may surmise, therefore, that
peculiarities of local topography (including the shape of the
coastline) may create a situation in which an ice stream de-
velops at a divide, and consequently has a lower surface
temperature, and reduced shear stresses and internal fric-
tion. It is not unlikely that this situation may be character-
istic of Ice Stream C.
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CONCLUSIONS

We used a 3-D (although vertically integrated), high-resolu-
tion (40 x 40km), non-linearly viscous, non-isothermal
ice-sheet model to caleulate the “present-day” equilibrium
regime of the Antarctic ice sheet and its evolution during
the last glacial cycle. Since the model is vertically averaged,
the only temperature ficld we needed was the basal temper-
ature, which determines regions of [rozen and melting ice at
the bottom of an ice sheet, and consequently determines the
sliding component of the ice flow. In the course of our study,
we suggested an approximate formula for ice-sheet basal
temperature, based on scaling the thermodynamic equation
for the ice flow. To test this formula, we simulated the equili-
brium regime of the Antarctic ice sheet under the present-
day climatic conditions. A steady-state solution for the
shape and extent of the areas of basal melting or freezing
temperature turned out to be in good agreement with those
obtained from the solution of full 3-D thermodynamic equa-
tion. As an unexpected main result of this experiment we
found that the solution for the basal temperature field of
the West Antarctic Siple Coast reproduced areas at the pres-
sure-melting point separated by strips of frozen-to-bed ice,
the structure of which is suggestive of Ice Streams A-E. At
this point it is difficult to speculate why this result was not
obtained previously in other large-scale models of the Ant-
arctic ice sheet. We can only guess that mesoscale temper-
ature features could be lost due to the artificial horizontal
diffusion inherent in numerical solutions of the 3-D thermo-
dynamic equation. A comprehensive experimental run and
intercomparison with other models is needed to verify our
supposition.
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This simulated stream-like structure appeared to be ro-
bust, preserving its features under the wide range of climatic
changes during the last glacial cycle (though Ice Stream C
seemed to be more vulnerable to the stagnation, switching
to a passive mode during the penultimate interglacial). We
speculated that peculiarities of the local topography deter-
mined the unique behavior of Iee Stream C: reduced basal
stress and, consequently, relatively weak warming due to
internal friction and basal sliding, was unable to counteract
advective cooling during the periods of increased snowfall
rates.

This conclusion should be regarded as tentative, how-
ever, for the following reasons: the dynamics of the sub-
glacial processes (e.g. the dynamics of the deformable till,
and the generation and drainage of melting water) are ac-
counted for by the simplest form of a sliding law (Greve and
MacAveal, 1996) that does not depend on either the intensity
of basal melting or on the hydraulic properties of the sedi-
ments. We also excluded the whole class of physical phenom-
ena characteristic of the transition zone between an ice
sheet and ice shelf, which might be important in describing
the grounding-line dynamics (e.g. Alley and Whillans, 1984;
Van der Veen, 1987; Hughes, 1992). It is likely, also, that our
resolution is not sufliciently high to allow final conclusions
to be drawn. We also should not forget that the way we as-
signed external forcing, though based on the most reliable
data available, is no more than a reasonable speculation
about the possible changes ol climatic conditions during
the last glacial cycle.

For the [uture we plan to use an atmospheric general cir-
culation model coupled with the mesoscale atmospheric
model nested in the southern polar region to improve the
representation of snowfall rates and surface temperature,
Until this is completed, we probably have to regard our at-
tempt to model the Antarctic ice sheet during the last ice age
as a comprchensive sensitivity experiment rather than a
simulation of real evolution. Consequently, our study is not
intended to replace existing theories of ice streams, or to
challenge the hypothesis about Ice Stream C stagnation
(e.g. Alley and others, 1994; Fowler and Johnson, 1995). What
we do want to say is that, according to the model, some dis-
tinctive [eatures of ice-stream structure found at the Siple
Coast may have deep roots in a large-scale topography that
is able to pre-determine the development of some of the
properties we have observed.

EPILOGUE

Hindmarsh has criticized the model on the grounds that it is
a parameterization of two thermal-transport processes (ad-
vection and diffusion) that are treated explicitly in most
models and regarded as being well understood by most gla-
ciologists. Hindmarsh further states that since the model is a
parameterization, the results are difficult to interpret — for
example, do they work well because they over- or under-
estimate the contributory processes of conduction and ad-
vection? Moreover, since they are parameterizations, their
range of validity is not clearly understood.

We nevertheless note, that a model cannot be wrong
merely because it is simple. We need a simple model when
more sophisticated models are not helpful (for whatever
reasons) or when they are difficult to understand. In our
case, 3-D models are not yet able to resolve ice streams.
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Therefore, we used a simple model (which contains all of
the qualitative physics contained in the 3-1D model) to gen-
crate some ideas concerning Antarctic ice stream behavior
and lece Stream C stagnation in particular. We now chal-
lenge those who have a more sophisticated (but at the same
time more realistic) model to test these ideas.
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