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ABSTRACT. A simple model is developed based on the notion that on active ice
streams the resistance to flow is partitioned between basal drag and lateral drag. The
relative roles of these sources of resistance is determined by a friction parameter that
effectively describes the strength of the bed under the ice stream. Reduction in the
basal strength is caused by meltwater production, taken proportional to the product of
basal drag and ice speed. The width of the ice stream is governed by the balance
between entrainment or erosion of ice from the slow-moving inter-stream ridges and
advection from the ridges into the ice stream. Entrainment of ridge ice is
parameterized as a function of the shear stress at the lateral margins, in one case
proportional to the lateral shear stress and in the second case scaled to ice-stream
width. In the first formulation, the model rapidly becomes unstable but, using the
second formulation, a steady state is reached with lateral drag providing all or most of
the resistance to flow. The results point to the great importance of achieving an
understanding of entrainment. With the second model and a wide range of parameter
values, there is no cyclic behavior, with rapid flow being followed by a quiescent

phase.

INTRODUCTION

The West Antarctic ice streams are some of the most
energetic parts of any ice sheet, achieving speeds in excess
of several hundreds of meters per year, despite exception-
ally small gravitational action. The gravitational driving
stress on Ice Stream B, Antarctica, is about 15kPa
(Whillans and Van der Veen, 1993). On other fast-
moving glaciers, such as Byrd Glacier, Antarctica, the
driving stress is an order of magnitude larger, ranging
from 100 to 300 kPa (Whillans and others, 1989). In this
respect, the ice streams bear more resemblance to floating
ice shelves, with typical driving stresses of 10kPa and
large speeds, than to other grounded glaciers.

As on other fast glaciers, such as Columbia Glacier,
Alaska {Van der Veen and Whillans, 1993), or Byrd
Glacier (Whillans and others, 1989), longitudinal stresses
on Ice Stream B play only a minor role. Whillans and
Van der Veen (1993) used velocities measured along a
flowline extending {rom the inland catchment region to
the calving front of the Ross Ice Shelf to assess the
importance of resistance to flow from gradients in
longitudinal stress. Their conclusion was that these
stresses contribute little to the large-scale balance of
forces, except very close to the ice-shelf front. For the ice
~ shelf, this finding confirms earlier work of Thomas and
MacAyeal (1982), who concluded from surface strain-rate
measurements on the Ross Ice Shelf that the weight-
induced spreading stress is balanced mostly by friction
originating from the sides and, to a lesser extent,
grounded ice rises.

The ice streams are embedded in the more sluggishly
moving main body of the ice sheet. The speed contrast
between the very active Ice Stream B and the neighboring
inter-stream ridges is enormous. On the ridges, ice
velocities are typically a few myear !, compared to
several hundred myear™' on the ice stream (Whillans and
Van der Veen, 1993). The transition from slow to rapid
flow occurs over a narrow region a few kilometers wide. It
may be expected that friction associated with this intense
lateral shear is of importance in the budget of forces
acting on the ice stream. Measurements of transects of
surface velocity across the ice stream seem to confirm this
notion. In the region near UpB Camp on Ice Stream B,
lateral drag balances as much as 50% or more of the
driving stress (Echelmeyer and others, 1994). Farther
down-glacier, on the ice plain upstream of the grounding
line, lateral drag supports almost all of the (very small)
driving stress (Bindschadler and others, 1987). On Ice
Stream E, the picture appears to be similar, with basal
drag only supporting about 29% of the areally averaged
driving stress (MacAyeal and others, 1995).

The picture emerging from these observations is that
the ice streams may represent the transition from
grounded sheet flow to ice-shelf flow. In earlier models
(e.g. Van der Veen, 1987; Hughes, 1992) this transition
was believed to be achieved by longitudinal stress
gradients. However, the data collected on the West
Antarctic ice streams and on the Ross Ice Shelf indicate
that the transition from sheet flow to ice-shelf spreading is
achieved by a switch in resistance from the glacier bed to
the lateral margins.
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It is not clear how the reduction in basal drag under
the ice streams is achieved. The bed under Ice Stream B
has been studied only in a small area near UpB Camp.
This being one of the few crevasse-free regions of the ice
stream (chosen for its accessibility, allowing safe surface
operations), results obtained in this region may not be
representative for the entire ice stream. Seismic studies
near UpB Camp have revealed the presence of a meters
thick porous layer of sediment at high pore pressure
(Blankenship and others, 1986). These measurements
have been interpreted as indicating the existence of an
actively deforming layer of subglacial till (Alley and
others, 1986). The commonly held view is that deforma-
tion within this layer is responsible for the large speeds
observed on Ice Stream B, and the majority of recent ice-
stream models are based on the assumption that the flow
of the ice stream is controlled by the mechanical
properties of the subglacial material (e.g. Alley and
others, 1989; MacAyeal, 1989). However, this view may
be challenged, as was recently done by MacAyeal and
others (1995). These authors argued that the small basal
friction under ice streams depends on the interaction
between glacier flow, geological properties of the bedrock,
subglacial drainage of meltwater, and erosion and
deposition of unconsolidated material. Whillans and
Van der Veen (1993) suggested that the reduction in
basal resistance may be associated with a change in the
geologic nature of the bed under the ice.

At this stage of understanding, there is little, if any,
point in incorporating (unknown or poorly constrained)
basal processes in detail into a numerical ice-stream
model. While this may limit the ability of models to
realistically describe ice-stream evolution, numerical
models can be valuable tools in identifying potentially
important processes that warrant further studies. One
such process is the interaction between width and speed of
an ice stream. This coupling is the focus of the model
discussed in this contribution.

Ice streams have the potential to expand laterally by
incorporating slow ridge ice into the ice stream. Because
the width of an ice stream may change, and the speed of
the ice stream could be proportional to the fourth power
of its width (if the driving stress is balanced in large
proportion by lateral drag), the possibility for a positive
feed-back exists. A widening ice stream will flow
increasingly faster, which may further widen the ice
stream through enhanced erosion of the inter-stream
ridges and so forth. To study this feed-back, a process that
describes erosion of the ridges is included in the present
model. The width of the ice stream can change according
to a balance between side erosion or entrainment and
advection of ice from the inter-stream ridges.

The strength of the bed is important to the develop-
ment of ice streams. In this study, the basal strength is
treated in a very simple manner to avoid the use of
potentially complex (or ill-constrained) parameteriza-
tions for erosion and advection of subglacial material,
drainage of water, strength of the basal till, etc. The onset
of a weakened ice—bed interface is incorporated by means
of a “friction parameter” that accounts for reduced
strength of the underlying material due to action of
meltwater and deformable or unconsolidated till. If the
bed is weakened, the driving force is taken up by the sides,
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and with time evolution of the glacier, by a change in
driving force. The present model for bed strength bears
resemblance to that used by Budd (1975) to model
periodically surging glaciers. The difference is that, in
Budd’s model, reduction in basal resistance must lead to
an increase in basal drag up- and down-glacier to
preserve gross force balance. In the present model, any
part of the driving stress not supported by drag at the
glacier bed is supported by the lateral margins, and a
local reduction in basal friction does not directly affect
friction elsewhere along the ice stream.

The above considerations have led to the numerical
model described in this contribution. The model is a one-
dimensional flowline model but the width of the flow
band is allowed to vary along the flowline as well as with
time. Temperature calculations are not included; instead,
the bed is taken to be at its pressure-melting point
throughout. The onset of fast ice-stream flow does not
appear to be simply a matter of switching from a frozen to
a partly or fully melted bed. Under most of the recently
halted Ice Stream C, the bed appears to be well
lubricated (Alley and others, 1994), yet this ice stream
is moving only at very small speeds. Apparently, ice
streams are not simple manifestations of temperature-
controlled “‘binge-purge cycles”.

MODEL DESCRIPTION
Force balance

Glacier flow is driven by gradients in the gravitational
stress, as described by the driving stress

Oh
T4 = —PQH—aE (1)

where p represents the density of ice, g the acceleration
due to gravity, H the ice thickness and h the elevation of
the surface above sea level. In this study, flow along a
flowline oriented along the flow direction, represented by
the x axis, is considered.

The driving stress is balanced by resistive forces that
may act at the glacier bed, at the glacier margins and
resistance associated with gradients in longitudinal stress.
As noted earlier, Whillans and Van der Veen (1993)
found that gradients in longitudinal stress contribute little
to the large-scale force balance of Ice Stream B and, in
this study, this source of flow resistance is neglected. Thus,
equilibrium of forces may be expressed as

0

T4 =1Tb — 'éa (Hny) (2)
in which the first term on the righthand side represents
basal drag and the second term resistance due to lateral
drag. The transverse coordinate is denoted by y. The
resistive stress, gy, is the lateral shear stress, which may
be estimated from the transverse variation in velocity, as
discussed below. Integrating Equation (2) over the width
of the ice stream (from y = —W to y = +W) gives

Hry
- 3

where the overbar denotes the width-averaged value and
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7s represents the lateral shearing stress at the margins
(taken to be the same, but of opposite sign, at both
margins). This equation has been used many times before
in numerical models (e.g. Thomas, 1973; Van der Veen,
1986; Hughes, 1992).

The balance Equation (3) provides the basis for the
present model. The driving stress on the lefthand side can
be calculated from the glacier geometry (ice thickness and
surface slope; Equation (1)). By adopting a sliding
relation, basal drag can be linked to the glacier speed,
while resistance from lateral drag can be estimated from
the center-line speed. The result is Equation (12) given
below, which allows the width-averaged glacier speed to
be calculated from the glacier geometry. An important
assumption made here is that lateral shear and basal, or
near-basal motion, are mechanically independent and do
not influence one another through an effective shear
stress, or some such thing. In that case, both sources of
flow resistance may be considered independently. To be
fully correct, basal and lateral drag should be expressed in
terms of glacier speed and transverse gradients in speed.
However, this leads to a non-linear differential equation
that cannot be solved analytically (e.g. Nye, 1965;
Harbor, 1992). To avoid the complicated numerics
involved in solving the balance equation explicitly along
a transect, both resistive terms are estimated separately,
with the requirement that the net resistance to flow must
balance the driving stress. This procedure is appropriate if
either basal drag or lateral drag supports most of the
driving stress but may be less realistic during the
transition stage when both drags are equally important.
As it turns out, the transition from flow controlled at the
bed to flow controlled by lateral drag occurs rather
rapidly and over short distances in the present model,
justifying a posteriori the treatment of resistive terms
adopted here.

Basal drag

The processes controlling basal motion are not well
understood. The mechanics could be dominated by a
layer of deforming till (Alley and others, 1986, 1989), in
which case the speed of the glacier is determined by the
thickness and material properties of the subglacial layer.
Alternatively, there could be Weertman-type sliding due
to a combination of regelation and creep around
obstructions but adjusted for subglacial water pressure,
as was done by Bindschadler (1983), for example. In
either case, the equation for glacier speed is similar in
form and the sliding relation used by Bindschadler (1983)
is adopted here, remarking that the most important
model results are not overly sensitive to the particular
form of the relation used. That is,

7 = AJUSN? (4)

where Us represents the sliding velocity, A; a sliding
parameter and IV the effective basal pressure, taken here
equal to the height above buoyancy.

The weakening of the bed under ice streams must be
included in the model. The cause of this weakening is not
known. According to most theories, the speed of basal slip
increases with the amount of basal water. One suggested

process envisions that the more water the larger the
fraction of basal protuberances that may be drowned, or
the more subglacial ponds. Subglacial water may also
render the mobile drift more fluid or affect erosion of the
bed. In any case, water is considéred to reduce the friction
between the ice and the bed. In the present model, this
mechanism is included by multiplying the sliding para-
meter, Ag (kept constant), by a friction parameter
denoted by p. Replacing the effective basal pressure, N,
by the height above buoyancy, the modified width-
averaged sliding relation becomes

.
LV
Fo = pds <H +Z—Hb> Us (5)

where py represents the density of sea water and Hy, the
elevation of the bed (negative if below sea level). For a
regular bed, p=1, while x=0 corresponds to a com-
pletely weakened bed unable to provide any resistance to
flow.

Softening of the glacier bed

The friction parameter is a measure of the resistance that
the bed can offer. A reasonable assumption is that this
friction parameter is proportional to a conservative
quantity such as the amount of subglacial water or
deformable material. Accordingly, the time evolution of u
is determined from considerations of continuity for the
lubricating material. However, rather than including
calculations of continuity of lubricant, and adding a
parameterization to link the friction parameter to this
quantity, a simpler approach is to calculate changes in u
directly from a continuity equation. In the present model,
a diffusion-type continuity equation is used, with
diffusivity D, (including advection would not change
the behavior of the model in an important way but
diffusion equations are numerically more stable and easier
to solve). That is
ou D o*u
ot - "oz
with ¢ representing time. The value of the diffusivity
determines how rapidly spatial variations in basal
strength are eliminated by dispersion of the lubricant.
The second term on the righthand side of Equation
(6) describes local weakening of the bed-ice interface.
Weakening of the bed is primarily due to heat generated
at the glacier base, that is, the product of basal drag and
sliding speed, with the constant of proportionality
denoted by Cj,. A feature of till observed under Ice
Stream B is its large water content. This suggests that the
apparent weakness of this till is caused by saturation with
meltwater. If so, the controlling parameter may be the
amount of water produced rather than the actual
thickness of the subglacial layer of till. In either case,
the production of lubricant in the continuity equation for
1 is taken to be proportional to basal heat generation.

- CHﬂDU (6)

Lateral drag

In the present model, lateral drag is considered indepen-
dently from basal drag. The lateral shearing stress is

131





















