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ABSTRACT. A three-climensional (3-D ), high-resolution, non-linea rl y \'iscous, non
isotherm a l ice-shee t moclel is employed to calcul a te the "present-day" equilibrium regime 
of the Antarctic ice shee t a nd its evolution during the las t g lac ia l cycle, The model is a ug
mented by an approx im ate formula for ice-sheet basa l temperature, based on a sca ling of 
the thermod ynamic equa ti on for the ice f1 ow. Steady-sta te so lutions for both the shape a nd 
ex tent of the areas of basa l melting (or freezing ) arc shown to be in good agreement with 
those obtained from the so lution of the full 3-D thermod ynamic equation. The solution (or 
the basal temperature fi e ld of the \\'es t Antarcti c Siplc Coast produces a reas at the pres
sure-melting po int sepa rated by strips offrozen-to-bed ice, the structure of which is remi
ni scent of Ice Streams A- E . Thi s config ura ti on a ppea rs to be robust, prese n 'ing its 
features in spite of clim atic cha nges during the las t g lac ia l cyc le. Ice Stream C seems to 
be more \ 'ulnerable to stagna ti o n, switching to a passi \'e mode a t least once during the 
penultimate interglacia l. Wc conj ecture that the pecu li a rities of local topog raphy deter
mine the unique beha\'ior of Ice Stream C: reduced basal stress a nd , consequentl y, rel a
tively weak warming due to interna l friction a nd basa l sliding is not able to counteract the 
ad \'Cc ti ve cooling during the per iods of increased snowfa ll rate. 

INTRODUCTION 

The di scO\'ery of H e in rich e\'C nts in the :'\orth Atlantic (i. e. 
episodes during which the ice streams that di scharge ice 

sheets became enormously ac tive, producing la rge numbers 

of icebergs possibly associated with a pa rti a l coll apse of the 
ice shee ts) prO\'ided new m oti\'atio n for Antarctic research, 
especia ll y for studi es of the \Vest Antarctic ice shee t, since it s 
act ivit y is also dom inated by fas t-n owing ice streams, In thi s 
rega rd , the fo ll owing key ques tions may be formul ated: (I) 

what is the m odern configuration a nd beha\'ior of the \ Vest 
Antarctic ice sheet (e,g, where is it cha ngi ng a nd by how 
much?), (2) what is the climatic hi story of \\'est Antarctica 
(e.g. wa, there a n ice sheet present during the las t inter
glac ia l'»), (3) what a re the leads a nd lags on Vest Antarctic 
ice-sheet ad\'a nce and retreat with global sea le\'(ls a nd with 

glacia l nu tuations in the :\forthern H emisphere a nd other 

pa rts of the Southern H emisphere? 
Th ough the potenti a l instabi lity of the \ Vest Antarctic ice 

shee t was a centra l iss ue of numerous ea rli er studies (e.g. 
Hug hes, 1973; lVIercer, 1978; All ey a nd Whill a ns, 1991), it is 
only recentl y that more comprehensive three-dimensional 

(3-D ) models of the Antarctic ice sheet ha\'e been developed 
(Huybrechts, 1992; Budd and others, 1994), These models, 
howe\'er, consider la rge-scale ice-shee t dynamics as sepa
ra te from mesoscale ice-strea m dynamics (e.g. !\IacAycal, 
1992). This is because the therma l features of coastal ice 
streams, which attain just a few hundred kilometers in 

leng th, cannot be resoh-ed in a la rge-seaic model. It is not 

unlikel y that the a rtificial horizonta l diffusion inherent in 
numerical so lu t ions of 3-D equati ons forces modelers to 
sac ri fi ce mesoscale effects in favor of numerical sta bi lit y. 

;\[e\'C rthel ess, one should recogni ze tha t to answer the 
abO\'e q uesti ons, \Ve must simulate the ice shee ts with a 3-D 

model from which we can calcula te the ice topography, the 

\'eloc ity oflh e ice now, a nd the temperature di stribution, to 
a le\'el of acc uracy necessary to produce ice stream s internall y 
\\'ithout prescribing them. In the nex t sect ion, we formul ate 
a n ice-shee t model utili zing a simple fo rmula for the basal 

temperature that is free from a n a rtificial hori zontal diffu

si\'it y, a nd a ll o\\'s simul ati on of temperature structures that 
could be assoc iated with ice streams. \ Ve sha ll demonstra te 
tha t appl ying our model to the la te Pleistocene, ice-strea lll
like structures appear and disappear, a nd switch to acti\"C or 
stag nant m odes, as a part of a single so luti on responding to 

ex tern a l forcing. 

THE MODEL 

Ice dynaIllics 

The d yna mic pan of the model is governed by an equation 

representing a m ass balance of the non-linea r ice now, 

oH = A _ 1II - [~(U'IH) + ~ (V'IH)] at ox oy 

2(Pg)3 ( £Y {I<H5g~. [(gl:l+ (g~f]} ) 
+- (1) 

5 +.iL {I< H j iJh [(iJh)2 + (Oh ) 2] } iJy (} !J D.I' Dy 

where H is the ice thickness; h is elevati on, h = h' + H - E; 
h' is th e bedrock topog raphy measured above sea le\'e!; 

h' = h~ - (, h;) is the "undisturbed" bedrock topography; ( 

is the bedrock depression under the ice load; ~ is the change 
in the sea level; A is the accumul ati on rate of snow onto the 
ice shee t; ],,1 is the mea n a nnual abl a ti on; 9 and p arc the 
gravity accelera tion and the densit y of ice, respec tively; 
n = 3, where TI is a power degree a nd I< is the \'ertic ally in
tegrated temperature-dependent coeffi cient in Glen's rheo

logica l law; a nd Usl a nd Vs! a re components of the sliding 
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velocity. We restrict ourselves to studying grounded ice 

dynamics only, and leave as ide the rol e of ice shelves. There
by we accept the arguments of Hind m arsh (1993b) that, to 
the order of the commonly used approximations, ice-sheet 
mechanics do not require knowledge of the stress di stribu
tion across the transition sheet- shelf zone. H owever, we re
cognize that the mass balance of an ice sheet might be 

influenced strongly by thermal effects along the calving per
iphery of a n ice sheet. 

As the boundary condition for the model, we set H = 0 
beyond the g round line, where the fl ota ti on condi tion, 

pH < Pw( f, - h' ) , (2) 

is satisfi ed. H ere, pw is the density of the sea water. This 
equation implies that the grounding line can advance due 
to bedrock rebound and sea-level drop, a nd can retreat due 
to decreased ice thickness, bedrock depress ion, a nd sea-leve l 
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 g rounding line resides 
somewhere between the last g rounded point 
[H > (f, - h' )pw/ pJ and the boundary point (H = 0) where 
the ice-sheet profile, as determined by the numerical discre
tization, ta kes the value H = ( ~ - h' )pw/ p. We a llow for 
possible ice-shelf grounding by calculatin

R 
the critical thick

ness of an ice shelf as Her = (A/C)1/(n+1 (O erlem ans and 
van der Veen, 1984), and consider an ice shelf to become 
grounded if pHer > Pw( f, - h') . 

The bedrock is ass umed to be depressed locally by the 
ice load (D eblonde and Peltier, 1993): 

8( _ (p/ pd H - ( 
at (3) 

where 7 ( is the relaxation time constant and p( is the density 
of the bed rock. 

A simple formula for the ice-sheet basal temperature 

It has been noted (Hindmarsh, 1993a; Verbitsky and Sa ltz
m an, 1995) that any errors in ice-topography calculations 
a re non-linearly amplifi ed in the advective terms of the 
equation of heat transfer. Since the horizonta l velocit y 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 conventiona l value of n = 3 leads to nearly a 
100% error in horizonta l velocity, which ma kes the acc u
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. H ere we suggest a simple formula for 
the basal temperature of an ice sheet, which is free from a r
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) tha t in the usua l glaciological system the ratio of 
the conductive component to the advective component of 
the heat flu x above the bottom bounda ry layer (BBL) is 
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sma ll, and an ice-flow traj ectory has a near-constant temp

erature determined by its va lue on the top surface of the ice 
sheet. We determine the thickness of the BBL, 'f], from the 
ba lance of the vertica l diffusion, kTzz, and advection of heat 
measured by uTx (T is the temperature, u is the horizonta l 
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 hori zontal 
span ), and setting T.x ~ 6.T / L, and Tzz ~ 6.T / 'f]2 (thus 
ass uming that vertical a nd hori zonta l temperature gradi
ents a re of the same order of magnitude), we have (see a lso 
M orl and , 1984): 

{f:-H 
'f] =X -

a 
(4) 

where X is a proportiona li ty constant. \tVithin the BBL, the 
vertical-heat diffusion is in ba lance with heating due to 
interna l friction, j , 

ATzz + j = 0 , 

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

(5) 

- ATz = Q, if T < Trvr , and T = Trvr otherwise, (6) 

where TM is the pressure-melting temperature, and Q is the 
geo thermal heat flux that can be enhanced by the heat of 
basal sliding Q' = "\I,;I7 b and by the heat of fu sion Q" if 
T = TM , where 11,;, is the basal sliding velocity a nd 
7b(= - pgH"Vh) is basal-shear stress. For the sliding 
velocity we adopt the approxima tion of Greve and M a
cAyeal (1996): 11,;1 = k sl7b where k sl is a consta nt. At z = 'f], 

T=n· (7) 

In acco rdance wi th the above, the temperature Tb is 
ass umed to be advected from the top surface of the ice sheet 
with the time lag H / a, and can be de termined fro m the 
equation, 

(8) 

where 11, is the temperature on the ice-sheet surface. 
Solving Equation (5) with the bounda ry condi tions of 

(6) a nd (7), we fina lly obtain the formula for the basal temp
erature TB , 

TB = 11) + (l'%'z jdz'dz + (Q + Q' + QII )'f]) / A. (9) 

A few remarks regarding this formul a a re appropri ate. 
First, we want to cla rify how horizonta l advection is taken 
into acco unt. Horizonta l advec tion does not a ffect 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 71, penetrates deeper. This effect is taken into 
account by formulas (4) and (9). It must be recognized, how
ever, that calculating Tb 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 a re necessar y. 

It is important to note that TB as represented by Equation 
(9) is time dependent. In our case, two time-scales are parti
cula rly important: the time-scale of thermal advection, 

7 = H / a, and the time-scale of dynamical adjustment to ac
cumulation rate changes, 7 1. It can be shown (e.g. \tVhill ans, 
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 rJ and Tb, respec
tively. Equation (8) operates with a time-sca le 7 . This means 
that if Tt. changes, this change will be transmitted downward 
with a time-delay 7. Equation (4) is a steady-state formu la, 
and rJ changes instantly. This means that if a changes, the 
basal temperature in the model wi ll respond immediately. In 
reality, however, the restructuring of an ice sheet (i.e. the 
shape, stress, velocities, and rJ-adjustment) takes place with a 
time-scale 71. Though in the simple formula we satisfy the 
relation 7]« 7 by assuming 7] = 0, the relation 
7] = 7/ (2n + 2) is not sati sfied. Only further tests can clarify 
whether th is may be important. 

The integral form of the fri cti ona l heating term, 

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 shea r 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) wil l now supplement the dynamical part of the ice
sheet model (I). 'vVhen the basal temperature reaches the 
pressure-melting point, a lubricating water layer fo rms and 
ice begins to slide a t a rate proportional to the basal shear 
stress. In view of the uncertainti es regarding the subglacial 

hydrology process (e.g. Hughes, 1992), the coefficient k sl in 
the sliding law is in fact a free pa rame ter; in our experi
ments pgksl = 10 a I. We assume the rheological coefficient 
1< to be a function of basal tempera ture, and use the Shums
kiy (1975) approximation, K = Koexp[-K;(Tt-I/TB - 1)], 
Ko = 1.5 X 10 16 (Pa 3 a r l

, K; = 21.1. In all experiments, 

X = 1, 7 ( = 3000 a, Q = 0.0546 W m 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" sta te (probably non-equi li
brium), is shown in Figures I and 2 for some of the two-di
mensional variabl es. It can be seen in Figure la that the ice
shee t model reproduces reasonably well the ice topography 
and velocity di stribution of the present-day Antarctic ice 
sheet. We note first that the results resemble maj or features 
of the observed ice thickness. Deviations from 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 is not in a steady state, or that there are errors in 
the bedrock elevati on data . 

The vertically integrated velocity of ice fl ow (Fig. lb ) is 
small (a few meters per year) in the central part of an ice 
sheet a nd at ice divides, and reaches a few hundred meters 
per yea r near the g rounding line. Points with max imum ice 
velocit y identify a ll major ice streams and outlet glaciers. 
The thickness of the BBL, determined according to Equa
tion (4), is shown in Figure le. Its value reaches roughly 
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1000 m in the centra l part of the ice sheet, and only a few 
hundred meters at the periphera l regions. 

In Figure Id we show the illlensity of heating due to 
internal friction and basal slid ing in units of the geothermal 
heat flux. One can see that geothermal heat flu x dominates 
in central regions, but interna l friction is much more signif
icant near the ice-sheet edge. Figure 2a shows the calculated 
basal temperature, which a lso compares well with the shape 
and extent of the areas of melting and freez ing temperature 
obtained by Huybrechts (1992) as a solution of the full 3-D 
thermodynamic equation (Fig. 2b). This implies that our 

simplified formu la can represent the relevant thermody
namics. Moreover, our approach seems to a llow us to 
simulate the fine temperature structure in the coastal zone. 

At the 'vVest Antarctic Siple Coast, the bottom temper
ature has an interesting form: a reas at the pressure-melting 
point are sepa rated by st rips of frozen-to-bed ice (Fig. 2c 

and d ). I f we associate these features with ice streams, they 
a re reminiscent of (I) Ice Streams A and B, uniting to form a 
single flow downstream, (2) a similar structure formed by 
Ice Streams D and E, a nd (3) the na rrow Ice Stream C in 
the centra l pa rt of the coast. Not only is the shape of these 
structures similar to the ice st reams found on the Siple 

Coast, but their behavior is a lso simi la r in that their horizon
tal flow is dominated by the basa l sliding, and is much faster 
than the flow of the neighboring ice. Although we recognize 
tha t these model-generated features are not ice streams in 
the fu llest sense, since their hori zontal velociti es a re sti ll less 
than the observationally suggested values, in the fo llowing 

di scuss ion we will refer to this pattern as a "stream-like 
structure" or "ice streams". 

Increased snowfa ll 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 snowfa ll rate over the Siple Coast. I n Ice Streams A 
a nd B, D and E, an increase in the frictiona l heating offset 
the advection effect, but fr iction in Ice Stream C was not 
strong enough to counteract it a nd Ice Stream C switched 

from an active sliding mode to slow creeping mode. The 
detailed analysis undertaken in the next section wi ll exp la in 
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. T he model variables are hown in rectangles, ex ternal 
forcing (empirical data ) is shown in circles, a rrows indicate 
interconnection between variables, and plus and minus 

signs indicate positive and negative feed backs, respectively. 
We forced our Anta rctic ice-shee t 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, z) : the Vostok core-temperature 
measurements Go uzel and others, 1993) and the SPECMAP 
8180 estimate (Imbrie and others, 1984). Although questions 
arise concerning the abso lute 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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20 40 60 

Fig. I. "Present-day''equilibrium regime of the Antarctic ice slicri: (a I ice thickness (m i: (b i mean horizontal velocity (in a '); 
I c) thickness of the bottom-boundary layer (m): < tl) heat in/In \ due to internal friction and basal sliding in units of the geofher-

studira with regard to temperature changes (Shackletonand meterization. Here Ts is the summer temperature deter-
athers, 1992) and ice volume Sowers antl others, 1993). mined aeon-ding u> Huybrechis 1!)94 as 

For surface temperature, we adopted Huybrechts" 1994) ft = r» ,+ /* /» +7i*> + A7V . (12) 

We rppreseni the snow accumulation ratr as the sum uf its 
Tu = n + &k +-y<p + AT\ • (10) present-da) value. Au Huyhnchts, 1992} and a forced de

parture, bA. If we assume thai .4 is temperature dependeni 

formula; 

where ^ is latitude, a, 1 *) are coefficients, and A7\- is the 
temperature change as represented by theVostok measure
ments. To calculate mean annual ablation, wc used the* 
empirical formula ofKlmdakm H'hJ. based nil measure-
ineiils from glaciers and ice caps: 

M = max[n; t[(Ts f c2)a]- (11) 

This formula gives results similar to Pollard's (1980 para-
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[Huybrechts, 1994), i.e. 

(13) 

in the range of temperatures presently prevailing on Ant
arctica, we have 

A =Aa 4- (a2 + 2 a s I l , ) A r . (11) 

For the temperature departure. AT, we employ the meas

urements of the temperature at the Southern Ocean core 
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·4000 ·2000 11 2000 

Fig. 2. "Preselll -day"equilibrium regime if the Antarctic ice sheet: (a) Lite calwlaled basallel71jJemlllre. Red rejJresents Ihe jJTes
sure melting jJoint; (b) the same jiom Huybrechls (1992). While represents the pressure melling jJoint; ( c) - ( d) the {{[/cula led 
basal temjJerature (wlzite is at the jnessllre melting point) and the bedrock topogmpllJJor the SipLe Coast region. 

MD88-770 (46° S, 96° E ) studied by Sowers a nd others 
(1993) assuming that these var ia ti ons might be a better 
proxy for moisture availability over the Anta rcti c continent 
tha n the Vostok temperatures. In Figure 4 we show the as
signed forc ing (i.e. sea level, Vostok, and Southern O cea n 

temperature changes ). The coevolution of these three \'ari
abi es fo rms a complicated traj ectory in phase space (Sallz
man a ndVerbitsky, 1994). 

In Figure 5 we show the calcu lated changes in the Ant
a rcti c ice-sheet volume and a rea a long with the assigned 
sea-level changes and mass balance generat ed acco rding to 
Equations (10)-(14). One may note that ice-sheet area is influ
enced mainly by changes in sea leve l. On the other hand, 
ice-shee t volume reproduces the tendency of the presc ribed 
sea-l eve l changes on the long time-sca le ("-' 100 ka ), increas
ing wh ile the sea level drops and dec reasing when sea level 
rises, but on a shorter time-scale ("-' 10 ka) ice volume is 
highly sensitive to the mass balance. As a result , Antarctic 

ice volume reached its max imum not during the las t glac ia l 
max imum in the Northern H emisphere, 20 ka ago, but later 
du ring the in terg lacial when a la rge positi ve mass ba lance is 
assumed to ha\'e existed due to relatively high ocean temp
erature. Figure 6 shows the assigned surface temperature 

changes, a nd the calcul ated mean basal temperature th at 
appears to follow the surface temperature wit h a time lag. 
Irregularities a t 128 ka and 10 ka refl ec t advec tive cooling 
due to increased snowfa ll ra tes. 

In Figure 7 we plot the ca lcul ated basa l temperature at 
128 ka, 50 ka, 10 ka, a nd 0 ka (cnd of the ex periment ). Con

sistent with Figure 6, the basal temperature genera ll y 
decreases with time as the ass igned decrease in the surface 
temperature is ad\'ected toward the botLOm . According to 
the model, the present-day temperature still "remembers" 
the cold conditions of the las t glacia l max imum. 

The st ream-like structure of the \Vest Antarctic Siple 
Coast found in the steady-state so luti on appears to be \·ery 
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Fig. 3. Block scheme of the numerical experiment. See details 
in the text. 

robust, and can be observed during the whole glacial eycle 
under a wide range of ex terna l forcing. Interestingly, as in 
the sensitivity experiment described earl ier, Ice Stream C 
again shows its "readiness" to stagnate a nd switches to a slow 
mode during the p enultimate 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. Externalforcing: sUlface-temperature changes (solid 
line) from Vastok core measurements (Jouzel and others, 
1993); the SPECMAP 6180 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 MD 88 -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 1]) (i. e. the temperature advected from the top 
of the ice sheet). Figure 8b shows evolution of the EEL thick
ness and, being multiplied by Q/ A, shows the combined 
contribution of the geothermal heat nux and thermal ad
vection to the basal temperature_ It is noteworthy that two 
major basal cooling events are observed during the last a nd 
p enultimate interglacia ls when snowfall ra tes are high. 

In Figure Sc we show the contribution of the internal 
heat nux to the basal temperature, 

1 rr ).. la la fd:! dz . 

The penultimate a nd the last interglacials a re a lso visi
ble in Figure Se: periods of high snowfall rates a re ma rked 
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Fig. 5. Modeling the Antarctic ice sheet during the last ice age. Calculated changes in Antarctic ice sheet volume ( thick solid line) 
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https://doi.org/10.3189/S0260305500014130 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500014130


g 2 

~ 
::0 e -2 

" Co 

§ 
~ -4 

't: 

il 
-g - 6 
c 
Cl> 
',; 

" <>: -8 

0.0 

a 

0.0 

0.0 

c 

- 150000 - 100000 -50000 

Time (year) 

-20 -10 

-40 -20 -10 o 

262 

;: 
ill 
::0 

260 g
~ 

I 
il 

258~ 
3 

256 

Verbitsky and Saltzman: Modeling the Antarctic ice sheet 

by increased internal fri ction. It is of critical importance 
that the interna l friction in Ice Stream C is low. We show 
the sum, 

0.0 

1 r' t 
Tb + QT)/ A + >- la lo fdz'dz, 

Fig. 6. j\1odeling the Antarctic ice sheet during the last ice age. 
Calculated mean basaL temperature (thick soLid Line) aLong 
with assigned surface-temperature changes (squared Line). 
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Fig. 7. Calculated basal temperature at ( a) 128 ka, (b) 50 ka, ( c) 10 ka, and ( d) 0 ka. Red represents the pressure-melting point. 
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in Figure 3d. The combination of coldest surface temper
ature and low intensity of internal fri cti on g ives Ice Stream 
C the lowest possibility to counteract the advective coo ling. 
At 123 ka, when snow acc umulation was at its max imum, 
advective cooling caused the freezing orIce Stream C's base. 
At the present day (Fig. 7d ), most of the bed ofIce Stream C 
is thawed with two frozen sticky spots, which is consistent 
with findin gs of Anadakrishnan a nd Alley (1994). 

Thus, our investigation indicates tha t the reduced 
interna l fri ction of Ice Stream C a nd a low surface temper
ature are poss ibly res ponsible for its stagnation. The impli
cations of Equation (10) are stra ightforward concerning 711 
and do not require further discuss ion. In order to determine 
why interna l fri ction in Ice Stream C is low, additiona l ex
periments were performed. 

In the first experiment, we replaced the real bed rock 
topography of the Siple Coast, shown in Figure 2d, by a Oat 
plane. As a result, the basal temperature field at Siple Coast 
displays only one strip of frozen ice. Topographica lly, this 
strip is under the divide that is located close to the present
day position on ce Stream C. In turn, thi s divide appea rs to 

be due to the specific shape of the coastline that has a clea rly 
identifi ed cape in the southern p a rt of the Siple Coast (Fig. 

2d ). This ridge, and the strip of cold temperature, disappear 
when we change the shape of the coastline by replaci ng the 
cape by a stra ight coas t! ine. "Ve may surmise, therefo re, that 
peculiarities of loca l topography (including the shape of the 
coastline) may create a situation in which a n ice stream de
velops at a divide, and consequently has a lower surface 

temperature, and reduced shea r stresses and interna l fri c
ti on. It is not unl ikely that thi s situation may be cha rac ter
istic of Ice Stream C. 
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CONCLUSIONS 

"Ve used a 3-D (a lthough verti ca lly integrated ), high-reso lu
ti on (40 x 40 km ), non-linea rl y \·iscous, 110n-iso therm.al 
ice-sheet model to calcula te the "present-day" eq uilibrium 
regime of the Anta rctic ice sheet and its e\·olution during 

the las t glacia l cyc le. Since the model is vertica lly a\"eraged, 
the only temperature fi eld we needed was the basa l temper
ature, which determines regions of frozen and melting ice at 
the bottom of an ice sheet, and consequentl y determines the 
sliding component of the ice Oow. In the course of our stud y, 
we suggested an approximate formula for ice-sheet basa l 
temperature, based on scaling the thermodynamic equation 
for the ice Oow. To test this formula, we simulated the equili
brium regime of the Anta rctic ice sheet under the preselll
day clim atic conditions. A steady-sta te solution for the 
shape and ex tent of the a reas of basal melting or freez ing 
temperature turned out to be in good agreement with those 
obtained from the so lution offull 3-D thermodynamic equa
ti on. As a n unexpected main res ult of this experiment we 
found that the solution for the basa l temperature field of 
the 'Vest Anta rctic Siple Coast reproduced a reas a t the pres
sure-melting point separated by strips of frozen-to-bed ice, 
the structure of which is suggestive ofIce Streams A- E. At 

this point it is diffIcult to specula te why this result was not 
obtained preyiously in other la rge-scale models of the Ant
a rctic ice sheet. "Ve can onl y guess th at mesosca le temper
a ture features could be los t due to the a rtificial hori zonta l 
diffusion inherent in numerical solutions of the 3-D thermo

dynamic equation. A comprehensive experimenta l run and 
intercompa ri son with other models is needed to verify ou r 
suppos itio n. 
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This simul ated stream-like structure a ppeared to be ro
bust, presen 'ing its features under the wide range of climatic 
changes during the las t glacia l cycle (though Ice Stream C 
seemed to be more vulnerabl e to the stagnation, switching 
to a passive mode d uri ng the penulti ma te interglacia l). \ Ve 
spec ulated that p eculiarities of the loca l topography deter
mined the unique behavior of Ice Stream C: reduced basal 
stress a nd, consequently, relatively weak wa rming due to 
intern a l fri cti on and basa l sliding, was unable to counteract 
ad\'ecti\'e cooling during the periods of increased snowfall 
rates. 

This conclusion should be rega rded as tentati\'e, ho\\,
e\'e r, for the fo ll owing reasons: the dyna mics of the sub
glac ia l processes (e.g. the dynamics of the deformable till. 
a nd the generation a nd drainage of melting water) arc ac
co unted fo r by the simplest form of a sliding law (Greve and 
?-'·facAyea l, 1996) that does not depend on either the intensity 
of basal melting or on the hydra ulic properties of the sedi

ment ., Ve a lso excluded the whole class of physical phenom
ena charac teri sti c of the transition zone between an ice 
shee t and ice shel f; which might be important in desc ribing 
the g rounding-line dynamics (e.g. Alley a nd Whill ans, 198+; 
\ a n der Veen, 1987; Hughes, 1992). It is likely, a lso, that our 
reso lution is not sufIiciently high to a llow fin a l conclusions 

to be drawn. Wc a lso should not fo rget that the way we as
igned ex ternal forcing, though based on the most reli able 

data ava il abl e, is no 1T1Ore than a reasonable speculation 
about the possibl e changes of clim atic conditions during 
the las t g lacia l cycle. 

For the future we plan to use an atmospheric ge neral cir

cul ati on model coupled with the mesosca le a tmospheric 
model nested in the southern pola r region to impro\T the 
representa ti on of snowfall rates and surface temperature. 
Until thi s is completed, we probably have to regard our a t
tempt to model the Antarctic ice sheet during the las t ice age 
as a comprehensi\"C sensitivity experiment rather than a 

simulation of real evolution. Consequentl y, our study is not 
intended to repl ace exi sting theories of ice streams, or to 
challenge t he hypothesis about Ice Stream C stagnation 
(e.g. All ey and others, 1994; Fowler andJo hnson, 1995). \ Vhat 
we do wa nt to say is that, according to the model, some di s
tinctive features of ice-stream structure found at the Siple 

Coast may have deep roots in a la rge-scale topography th at 
is able to pre-determine the de\'e lopment of some of the 
properti es wc have observed. 

EPILOGUE 

Hindma rsh has criti cized the model on the g rounds that it is 
a pa rameteri zation of two thermal-transport processes (ad
vec tion and diffusion) that a re lJ'eated explicitl y in most 
models a nd regarded as being well understood by most gla
ciologists. Hindm arsh further sta tes that since the model is a 
pa rameteri zati on, the results a re difIicult to interprel - for 
example, do they work well because they O\'er- or under
es timate the contributory processes of conduction and ad
vec lion? 1\10reover, since they a re pa rameterizations, their 
range of validit y is not clearly understood. 

"Vc neverthel ess note, that a model cannot be wrong 
merely because it is simple. We need a simple model when 
more sophisti cated models are not helpful (for whatever 
reasons) or when they arc difficult to understand. In our 
case, 3-D model s a re not ye t able to resoh'e ice streams. 

1 'el'bilsk)1 and Saltzman: ,I Jodeling Ih e Antarctic ice sheel 

Therefore, wc used a simple model (which contains all of 
the qua litati\'e physics contained in the 3-D model) to gen
era te some ideas concerning Anta rctic ice stream behavior 
a nd Ice Stream C stagnation in pa rticul a r. \\'e now cha l
lenge those who have a more sophisticated (but a t the same 
time morc rea li stic) model to test these ideas. 
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