Annals of Glaciology 36 2003
© International Glaciological Society

Basal melt beneath Whillans Ice Stream and Ice Streams
A and C, West Antarctica

Ian R. JOUGHIN, SLawek TULACZYK,” HErmany F. ENGELHARDT®
' et Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, CA 91109-8099, U.S.A.
E-mail: ian@radar-sci jpl.nasa.gov
2 University of California, Santa Cruz, A208 Earth and Marine Sciences Bldg. , Santa Cruz, CA 95064, U.S.A.
5208 N. Mudd, M/C 100-23, Pasadena, CA 91125, U.S.A.

ABSTRACT. We have used a recently derived map of the velocity of Whillans Tce
Stream and Ice Streams A and C, West Antarctica, to help estimate basal melt. Ice tem-
perature was modeled with a simple vertical advection—diffusion equation, “tuned” to
match temperature profiles. We find that most of the melt occurs beneath the tributaries,
where larger basal shear stresses and thicker ice favor greater melt (e.g. 10-20mma ).
The occurrence of basal freezing is predicted beneath much of the ice plains of Ice Stream
C and Whillans Ice Stream. Modeled melt rates for when Ice Stream C was active suggest
there was enough meltwater generated in its tributaries to balance basal freezing on its ice
plain. Net basal melt for Whillans Ice Stream is greater due to less steep basal temperature
gradients. Modeled temperatures on Whillans Ice Stream, however, were constrained by
a single temperature profile at UpB. Basal temperature gradients for Whillans branch 1
and Ice Stream A may have conditions more similar to those beneath Ice Streams C and
D, in which case, there may not be sufficient melt to sustain motion. This would be consis-

tent with the steady deceleration of Whillans Ice Stream over the last few decades.

INTRODUCTION

Fast motion of Whillans Ice Stream, West Antarctica, is
enabled by a several-meter thick layer of water-saturated dila-
tant till (Alley and others 1987; Blankenship and others 1987).
Similar basal conditions are likely responsible for the fast
motion of Ice Stream C when it was active (Atre and Bentley,
1993). Whether a viscous deforming till (Alley and others,
1987; Kamb 2001) or a weak plastic bed (Kamb, 1991; Tulaczyk
and others, 2000a, b) is responsible for the motion, water is an
essential ingredient for the fast flow of these ice streams.

Early estimates predicted high (~20mm a ') basal melt
beneath the Ross ice streams (Rose, 1979; Shabtaie and
Bentley, 1987). Since then several studies (Whillans and
others, 2001) have shown that ice-stream shear margins can
support much of the driving stress and there is significantly
less basal shear heating with which to melt ice (Raymond,
2000). Studies investigating the heat balance of ice streams
have found that, at least in some well-lubricated areas, it is
difficult to sustain basal melting (Hulbe, 1998; Raymond,
2000). Other studies have suggested that the ice-stream
catchments provide sufficient meltwater to sustain motion
(Parizek and others, 2003).

Ice Stream C stopped about 150 years ago (Retzlaff and
Bentley, 1993), and Whillans Ice Stream has undergone sub-
stantial deceleration over the last few decades (Whillans
and others 2001; Joughin and others, 2002). This decelera-
tion has caused Whillans Ice Stream to go from having a
significantly negative mass balance to the point where it is
presently close to balance (Joughin and Tulaczyk, 2002).
Extrapolation of the recent deceleration rates suggests the
ice stream could stop within 70-80years. Understanding
the shut-down of Ice Stream C and the future behavior of
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Whillans Ice Stream depends on improving our knowledge
of basal melt/freeze conditions beneath these ice streams.

Recent advances in interferometric synthetic aperture
radar (InSAR) have allowed a mapping of velocity for
nearly the entire area that includes the Ross ice streams
and their tributaries (Joughin and others, 2002). These data
have revealed an extensive network of tributaries feeding
the ice streams (Joughin and others, 1999). With thicker ice
and significantly higher basal shear stresses than beneath
the ice streams (Joughin and others, 2002), significantly
more melting should occur beneath the tributaries than
their respective ice streams. This paper describes estimates
of basal melt we have derived using both the velocity and
borehole-temperature data.

MELT-RATE ESTIMATION AND ASSUMPTIONS

We estimated basal melt rate, m,, using (Paterson, 1994)

o G+ nUy — K6y

S L Ao (1)
iPice

where G is the geothermal heat flux, 7, is the basal shear

my

stress, Uy, is basal speed, k; is the thermal conductivity for
ice, Oy, is the basal temperature gradient, L; is the latent
heat of fusion, and pj is the density of ice. The difficulty in
applying this equation is in obtaining estimates of G, Oy
and basal shear heating, 7,U},. In this section, we describe
the assumptions we used in deriving melt-rate estimates.

Geothermal heat flux

We used a spatially homogeneous value of G = 70 mW m * in
all our estimates, which is the value that was determined
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Table 1. Comparison of modeled and measured temperature
profiles at the borehole locations shown in Figure 2

Location AGiov Qe 7ms mis- rms mis- Oy _for Oy, for S8
Sitfor  fitfor  agiov  Ger  measured
AGiov Qeff
ma' ma' °C °C °Cm' °Cm' °Cm
ofice ofice
UpB 0.106  0.160 1.25 0.15 0035 0040 0.045
UpC 0.100 0295 333 0.72 0033 0053 0.054
UpD 0.101 0330 275 0.27 0032 0053 0.052

Siple Dome" 0133”0100 073 0.28 0037 0033  0.036
Unicorn® 0106 0420 374 0.41 0032 0058 0.051
Byrd 0160 0220 140 0.78 0030  0.035 0.029

* Numerical model with vertical advection and diffusion used with surface
and basal temperature boundary conditions from profile.

" Froma single core measurement (Hamilton, 2002).

from a borehole at Siple Dome (H. Engelhardt, unpublished
information). Previously, Alley and Bentley (1988) estimated
even higher heat flow (about 80 mW m ?) from shallow bore-
hole-temperature measurements made on nearby ridge B/C
(82°53' S, 136°40" W). Temperature data from the deep bore-
hole drilled at Byrd Station were used by Rose (1979) to infer
lower geothermal flux of about 60 mW m 2. The sensitivity of
our estimates to geothermal heat flux is easily evaluated since
a change in G by 10 mW m ? changes m, by about Imma '

Basal temperature gradient

The basal temperature gradient can be calculated easily if
the temperature profile within the ice column is known.
There are only a few measured temperature profiles, how-
ever, so we are forced to use a model to estimate ©y,. If we
assume only vertical thermal diffusion and advection with
a bed temperature at the pressure-melting point, T},yp, an
analytical steady-state solution (Zotikov, 1986, equation
4.17) for temperature as a function of depth is given by

erf(v/0.5Pe %)
erf(\/ O.5Pe) ’

where Tg is the surface temperature, H is ice thickness, and z
denotes the vertical coordinate (zero at the bed and H at the
top). The Péclet number is defined as Pe = aH /K, where a is
the surface accumulation rate and & is the thermal diffusivity
of ice. This equation neglects the effects of horizontal heat
advection and strain heating on ice temperature distribution.

T= T‘pmp - (TS - T‘pmp) (2)

Temperature profiles have been measured onice streams
at the UpB (Engelhardt and Kamb, 1993), UpC and UpD
camps (H. Engelhardt, unpublished information). Add-
itional profiles not on ice streams have been measured at
Byrd Station (Gow and others, 1968), the Unicorn (the ridge
separating Whillans branch 1 (Bl) and Whillans branch 2
(B2)) (Engelhardt and Kamb, 1993), and at Siple Dome
(H. Engelhardt, unpublished information). We used these
measurements to examine the validity of Equation (2) for
estimating the basal temperature gradient.

We used gridded accumulation data, agiov (Glovinetto
and Bentley, 1985; Giovinetto and others, 1990) and surface
temperature (Comiso, 1994, 2000) in Equation (2). For ice
thicknesses, we used the BEDMAP dataset (Lythe and
others, 2001). The Unicorn and Siple Dome profiles have
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Fig. 1. Modeled ( solid lines) and measured (red * ) tempera-
ture profiles at the UpB and UpC camps. T he green lines show
the model result using the measured accumulation. The blue
curves were computed for the “effective”accumulation rate that
minimizes the model—data misfit.

frozen beds, so Equation (2) does not apply. Closed-form solu-
tions exist for this case, but we instead used an equivalent
simple numerical model to solve the heat-balance equation
with vertical advection and diffusion for a frozen bed.

Table 1 shows a comparison of the modeled and measured
temperature profiles. The root-mean-squared (rms) differ-
ence (Table I, column 4) between the measured and modeled
profiles exceeds 3°C in some cases. Plots of the modeled
(green) and measured (red *) temperature profiles at the
UpC and UpB camps are shown in Figure 1. At UpC in
particular, the model provides a poor representation of the
actual temperature profile, with the model underestimating
the basal temperature gradient by 40% (Table 1, column 6).

If we assume the ice-stream geometry and thermal dif-
fusivity are fixed, then the only free parameter in Equation
(2) is the accumulation rate. We adjusted this parameter to
obtain an “effective” accumulation rate, e, that minimizes
the model data misfit (Joughin and others, 2002). The results
of this experiment are summarized in Table 1 and indicate
that the model-data misfit can be reduced below 1°C and
in many cases to within a few tenths of a degree. The blue
curves in Figure 1 show the improved agreement using aef
at the UpB and UpC camps.
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4 iple C

Fig. 2. Estimated melt rate for Ice Streams A and C and Whillans Ice Stream for experiments W1 and C1 ( see lables 2 and 3). T hick
black lines show ice-stream catchment divides for present-day geometry ( Joughin and Tulaczyk, 2002). White line shows division of
basal melt between Ice Stream C and Whillans Ice Stream that was used for estimating the individual ice-stream estimates given in
Tables 2 and 3. Thin black lines are flow-speed contours at intervals of 50m a * High freeze-on rates in the upper parts of Ice
Stream A and Whillans Ice Stream likely reflect erroneously thin ice where sparse thickness data do not fully resolve thick ice in
narrow subglacial valleys. The color bar saturates at +20 mm a . so higher mell rates are possible in limiled areas.

The value of aefr 1s more than three times agioy for the
UpC, UpD and Unicorn profiles. At Siple Dome, where con-
ditions are likely the most consistent with the model assump-
tions, there is only a small difference between aefr and agioy-
This means it is unlikely that past changesin accumulation or
temperature can explain the cases where the differences are
large, since the climate history should be similar at all the
borehole sites. Instead, since the UpD and UpC camps are
fed by relatively fast-flowing (50—100 m a ') tributaries that
originate near the ice divide, rapid horizontal advection of
cold ice from the interior may explain the difference (Joughin
and others, 2002). Inclusion of horizontal advection in a flow-
line model through the UpC camp provided a good fit to the
temperature profile without any tuning of the accumulation
rate (Vogel and others, 2003).

While the acfr value improves the fit at UpB, the difference
relative to agioy 1s not nearly as large as for UpC and UpD.
This may be because the UpB area is fed by a tributary that
dies out relatively quickly upstream, so that the temperature
profile is more strongly influenced by the local accumulation
rate and temperature (Joughin and others, 2002). The greatest
difference between aeff and agioy occurs at the Unicorn bore-
hole, which is located not far from the UpB camp (see Fig. 2).
This difference is especially interesting, considering that the
other two boreholes located in slow-moving ice (Siple Dome,
Byrd) show relatively little disparity between aeg and agioy-
Recent analysis of ice-penetrating radar data, however, sug-
gests that the ice near the Unicorn borehole was part of
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Whillans B2 ~190 years ago (Clarke and others, 2000). Exam-
ination of the velocity map (Joughin and others, 2002) indi-
cates that the flow in this region may originate from an ice-
stream tributary that is distinct from the origin of flow at the
UpB camp. This tributary extends significantly farther inland
to near the Transantarctic Mountains and passes through a
strong gradient in the surface temperature (Comiso, 1994,
2000). Ice Stream A and Whillans B2 are also fed from tribu-
taries that extend deep inland. Consequently, the basal tem-
perature gradients on much of the ice plain of Whillans Ice
Stream could more closely resemble those at UpC and UpD
than those at UpB.

We computed melt-rate estimates for Ice Stream C and
Ice Stream A/Whillans Ice Stream separately using a fixed
accumulation rate for each basin (see basin division, Fig. 2).
The data in Figure 1 indicate we should obtain a better esti-
mate of O}, using aefr in Equation (2) rather than the actual
accumulation rates, at least in the fast-flow regions in the
vicinity of the boreholes. The data at Byrd Station suggest
we would obtain a better estimate of the basal temperature
gradient with agjey. This borehole, however, is located on a
slower-moving area where there is likely to be little horizontal
advection. In the experiments described below, we varied the
accumulation rate to determine its impact on melt.

Basal shear heating

Basal velocity, Uy, and shear stress, 7y, are needed to deter-
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mine basal shear heating in Equation (1). We have measured
surface velocities (Joughin and others, 2002) over much of the
study area. These data provide a good approximation of the
basal velocity, since in most cases in ice streams and their
tributaries there is little vertical shear within the ice column.
There are a few gaps in the velocity map that we crudely
filled with a constant similar to the surrounding values.

One of our goals is to estimate Ice Stream C melt rates
prior to stagnation. For this we need an estimate of pre-stag-
nation velocity. For this purpose, we generated a rough esti-
mate of the balance velocity for Ice Stream C when it was
active. First, we estimated the constant balance velocity across
a profile near the grounding line for an estimated flux of ice
through the profile of 225km”a ' (Joughin and Tulaczyk,
2002). This yielded a balance-velocity estimate of 387ma ',
which is similar to the speed of the other Ross ice streams.
Next, we took advantage of the fact that there is relatively
little variation in the width of the formerly active area of Ice
Stream C. This allowed us to compute a very rough estimate
of the balance velocity as the product of the gate thickness and
balance velocity divided by the thickness at each point. Figure
2 shows velocity contours for the resulting estimate. Our goal
here was limited to obtaining representative velocities for use
in Equation (1) and was not to reconstruct in detail the former
flow field of Ice Stream C.

Force-balance estimates indicate that basal shear stress
in the ice-stream tributaries resists ~50% of the driving
stress (Joughin and others, 2002). Based on this observation
and to simplify the model, we assumed that 7, =0.574 for
the tributaries. An exception was the large tributary flowing
through the Bentley Subglacial Trench, where force-balance
estimates suggest a factor of 0.85 should be used. On the cur-
rently active part of Ice Stream C, force-balance estimates
indicate a value of 7y active = 11.6 kPa (Joughin and others,
2002). This value was likely smaller when the ice stream
was fully active, suggesting less basal shear heating at that
time. On the other hand, speeds were likely greater when
the ice stream was active, which would increase basal shear
heating. Lacking more detailed knowledge of conditions at
the time of stagnation, we used the current values of velocity
and T, for the still active portion of the ice stream. Note this
value was used only for the currently active region, with a
much lower value (2kPa) used for the thinner, formerly
active part of the ice stream.

On the fast-flowing parts (U}, >150ma ') of the ice
streams, we assumed a constant value of 7,. In most experi-

Table 2. Model results for several experiments on Whillans Ice
Stream and Ice Stream A

Experiment Experiment parameters Mirib  Micest Mot
mma 'mma ' mma
W1 Thicest = 2 kP‘d, Th,trib = 0.574, 6.6 04 3.1
a=016ma’
W2 Same as W1 excepta = 0295ma ' 41 32 0.5
W3 Same as W1 except Ty trib = Td 138 04 6.8
W4 Same as W1 except Ty jcest = 1 kPa 66 16 2.6
W5 Same as W1 except Ty jcest = 9 kPa 6.6 3.0 4.8
W6 Same as W1 but ice thinned by 100 m 6.2 —14 2.5

Notes: The area covered by the tributaries is 41000 km’ and that by the ice
streams is 40 000 km”. The basal shear stress beneath the ice streams (U>
150 m aﬁl) is denoted by 7, jcest and that beneath the tributaries by 7, trib -
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ments we used 7, =2kPa, which is consistent with force-
balance estimates (Whillans and Van der Veen, 1997) and
laboratory measurements (Kamb, 2001). In the model and in
the discussion below, 150ma
threshold to distinguish between ice-stream and tributary flow.

1. .
is used as a somewhat arbitrary

Regions with basal melt

Equation (2) applies only to the case where the bed is melted.
We assumed in our estimates that the bed was melted where
flow speed was >25ma . For all slower-moving areas, we
assumed the bed was frozen with zero melt. This is a good
approximation for the catchments of Ice Stream A and
Whillans Ice Stream. Some of the deep inland ice in the
upper catchment of Ice Stream C could experience some
basal melt in regions with speeds <25ma . Melt volume
in the slower-moving regions is discussed below.

The black lines in Figure 2 show present-day estimates of
the catchment divides for each ice stream (Joughin and
Tulaczyk, 2002). The divide estimates indicate that Whillans
B2 has captured some of the drainage that belonged to Ice
Stream G when it was active. Since we are interested in con-
ditions when Ice Stream C was active, we have decided to
separate meltwater production in the Ice Stream C and
Whillans Ice Stream catchments as shown by the white line
in Figure 2. This is a rough approximation of the former
divide and it was selected to separate melt estimates in tribu-
taries that used to feed Ice Stream C from those that fed
Whillans Ice Stream.

MODEL RESULTS

We computed melt rates using Equation (1) and the assump-
tions described above. The results for Ice Stream A/Whillans
Ice Stream are summarized in'Table 2, and the results for Ice
Stream C are summarized in'Table 3. In each case, we ran an
initial experiment (W1, Cl) based on our best estimate of the
parameters needed to determine melt rate. There is a reason-
able amount of uncertainty in these parameters, so we con-
ducted several additional experiments (W2-W6, CG2—-C8) to
examine the sensitivity of melt-rate estimates to the model
parameters.

Table 3. Model results for several experiments on Ice Stream C

Experiment Experiment parameters Mirib  Micest Mot
mma 'mma 'mma’
C1 Thicest = 2 kPa, 1 trib = 0.574, 45 438 1.5
Th,Bentley = 0.8574, Th.active = 11.6 kPa,
a=029ma '
G2 Same as Cl excepta = 0.6 ma ' 66 —18 39
C3 Same as Cl except T trib = Td, 71 —4.8 3.2
Th,Bentley = Td
C4 Same as Cl except T icest = 1 kPa 45 6.0 1.1
Ch Same as Cl except T jcest = 5 kPa 45 —14 26
C6 Same as Cl but ice thinned by 100 m 42 -59 1.0
C7 Same as C1 but with ~l0ma | 45 71 0.8
velocity on stagnant region
C8 Same as Cl but with a 50% increase 45 37 1.9

over balance-velocity estimate

Notes: The area covered by the tributaries is 50 000 km” and that by the ice
stream is 23000 km”. The basal shear stress in the tributary that runs
through the Bentley Subglacial Trench is denoted as 7, Bentley.
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Our initial experiment (W1) for Ice Stream A and Whil-

1

lans Ice Stream yielded a net melt rate of 3.Imma  with a

"net melt rate for the tributaries and a net freeze-

6.6 mma
on rate of 0.4 mma ' for the ice streams. The spatial pattern
of melt for this experiment is shown in Figure 2. Whillans Bl
and B2 are estimated to have only slightly positive melt
rates, while on much of the ice plain basal freeze-on is esti-
mated to occur at rates of 0-2mm a . There is a region near
Crary Ice Rise with freeze-on rates of about 46 mma . In
experiment W2, we used a =0295ma ', which yielded a
net basal melt rate of 0.5mma . Experiments W3-W5
demonstrate the sensitivity of melt to basal shear stress. We
note that the value of 71, = 5 kPa in experiment W5 is unreal-
istically high for much of the ice plain since it exceeds the
driving stress in some places. In experiment W6 there was
a decrease in total melt rate to 25mma ' in response to a
100 m thinning of the ice sheet, with sufficient time to reach
a new steady-state temperature profile.

We conducted a similar set of experiments for Ice Stream
C (C1-C8). In Cl we used aefr = 0.295ma ', which is the
value derived from the borehole-temperature fits. With this
value, the ice stream would have had an average melt rate of
only L5 mma ' when it was active. Figure 2 indicates that the
freeze-on rates on the active Ice Stream C likely ranged from

I yps .
. If instead we use the effective accumu-

about 2 to 8 mm a
lation rate for Whillans Ice Stream (aeg = 016 ma l), then
the total average melt rate increases to 39 mma ' in experi-
ment W2. In varying the basal shear stress (C3—C5) the
range of average melt rates varies from 1.1 to 32mma '

Thinning the ice stream by 100m yields a net melt rate of
1L.0mma '. In experiment C7, we reduced the velocity on
the formerly active portion of Ice Stream C to close to its pres-
ent-day value. This increased the basal freeze-on rate on the
ice stream from 4.8 to ZImma . In experiment C8, we in-
creased the active ice-stream velocity estimate by 50%,
which increased the total melt rate by 04 mma '

In the above results, we have neglected basal melt
beneath slow-moving (<25ma ') areas of the inland catch-
ment. 1o examine this contribution, we estimated basal melt
in these regions. We first determined areas where melt
should occur by solving for temperature, with the surface
temperature and the basal temperature gradient (deter-
mined by G) specified as boundary conditions. Areas with
temperature greater than or equal to T}, were assumed to
be melting. Tor the regions where melt was found to be
occurring, we used Equations (1) and (2) to determine the
melt rate. In deriving these estimates, we assumed the
motion in the slow areas was due entirely to internal
deformation (e.g. no sliding) and that, consequently, there
was no basal shear heating.

For the Ice Stream C catchment, we estimated a total
melt of 0.038 km® a ', with an average melt rate 0.84mma '
over an area of 45000 km? using agiov- With aer=0.295 ma 1,
the average melt rate was 0.68mma ' over an area of
7000 km? for a total of 0.005 km® a . These values represent
approximate upper and lower bounds on inland catchment
melt. Since most of this area corresponds to deep ice in the
interior, the Byrd borehole suggests the actual value may be
closer to the upper bound. For comparison, the tributary
melt for experiment Cl was 0.22km”a ', and the corres-
ponding ice-stream freeze-on was 0.11km’ a'. Using agiov
the combined catchments of Ice Stream A and Whillans Ice
Stream have an average inland melt rate of 0.6l mma ' for a
total 0.015km’a ' over an area of 24000km” For both
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catchments, the upper limit on melt generated beneath the
slow-moving inland area was <20% of that generated
beneath the tributaries.

DISCUSSION

Even with considerable variation of the model parameters,
our results indicate that, by and large, melting takes place
beneath ice-stream tributaries, while low-melt or freeze-on
conditions prevail beneath the active parts of Whillans Ice
Stream and Ice Stream C. Unless we increase 7y, to unrealis-
tically high levels, the model consistently predicts basal
freezing beneath the thin ice of the ice plains. This indicates
that, as suggested earlier by Raymond (2000), import of
basal melt from upstream appears to be a necessary condi-
tion to sustain motion on these ice streams. It is not a suffi-
cient condition, however, since an appropriate drainage
network is also required to redistribute the water from melt-
ing to freezing regions.

If ice-stream tributaries, by virtue of their higher basal
shear stress and thicker ice, are the primary source of water
that enables fast ice-stream flow, then this raises the issue of
what length ice streams they could support. If grounding
lines of Ice Stream C and Whillans Ice Stream were extended
seaward by tens of km with similar thickness to their respect-
ive ice plains, then the area with net basal freeze-on would
eventually out-compete the area with net basal melt. The dis-
tance from the meltwater source would also increase, placing
additional constraints on the drainage network. Thus, it is
likely that some additional basal melt source, beyond that of
the present-day tributaries, is necessary to sustain very long,
thin, well-lubricated paleo-ice streams. Multibeam sonar
data indicate there were likely regions of exposed bedrock
beneath portions of the Ross paleo-ice streams (Anderson
and Shipp, 2001), which perhaps could have provided basal
shear heating to enable additional melt.

Flow speed onWhillans Ice Stream has decreased signifi-
cantly over the last few decades (Whillans and others, 2001,
Joughin and others, 2002). Experiment W1 suggests that pres-
ently there may be sufficient melt to sustain motion, with pos-
sible additional meltwater from diversion of water from Ice
Stream C (Alley and others, 1994). The Unicorn temperature
data, however, suggest that the temperature gradients for
Whillans Bl and Ice Stream A may be closer to those of Ice
Stream C than of Whillans B2. Experiment W2, which
yielded less net melt than on Ice Stream C prior to stagna-
tion, then may better represent conditions beneath the ice
stream. If so, then Whillans Ice Stream may well be headed
toward complete stagnation within this century as the recent
deceleration rates suggest. These results argue strongly in
favour of additional drilling on the ice plain of Whillans Ice
Stream to better constrain temperature estimates there.

The results for Ice Stream C yield average melt rates of
~15mma '. This means that the motion of the ice stream
was particularly sensitive to piracy of basal meltwater (Alley
and others, 1994). In our experiments, we have assigned all the
melt to Ice Stream C from the tributary that now appears to
have been diverted to the catchment of Whillans B2 (see flow
divides in Fig. 2). Diversion of the basal water flow from this
tributary alone would likely have been sufficient to initiate
stagnation. On the other hand, conditions may have been
close enough to zero net melt (experiment Cl) that stagnation
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could also have occurred without resorting to water piracy
(Price and others, 2001; Bougamont and others, 2002).

Our experiments reveal a strong sensitivity to accumu-
lation rate when only vertical advection and diffusion are
considered in estimating melt rate. Furthermore, we used a
steady-state solution in an area that is going through and
has undergone significant change (Conway and other, 1999;
Fahnestock and others, 2000). Our attempts to use an effective
accumulation rate correct some of the deficiencies in the
model, resulting in better melt-rate estimates. This is clearly
an artificial effect, however, that compensates for inadequa-
cies in the model and does not suggest change in accumu-
lation rate. While it appears that temperature estimates are
improved, it is not very satisfying in that it does not explain
the inadequacies of the model. We hypothesize that the model
fails because tributary flow is strong enough to significantly
depress basal melting through strong horizontal advection of
ice from the interior. More detailed flowline and three-
dimensional ice flow modeling, along with more borehole
temperature data, are required to test this hypothesis.
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