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Actively surging West Antarctic ice streams and their

response characteristics
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ABSTRACT. Ice Streams B, D and E, West Antarctica, all show a longitudinal pattern
of ice thickness change that is consistent with ongoing surge behavior modeled for
glaciers. The measured pattern is not consistent with model response of any other scenario
such as accumulation-rate change or changes on the ice shelf. Inland migration of the ice-
stream onset is a requirement of this behavior pattern. If such a surge is presently taking
place, the remaining lifetime of the West Antarctic ice sheet is 1200-6000 years. A com-
plete surge period lasting 50 000—120 000 years is hypothesized, with a relatively brief
surge phase (lasting 16 000-21000 years) required to completely remove the West Antarc-
tic ice sheet from its maximum extent. Applying classic glacier response theory demon-
strates that the diffusive component of response is much faster for ice streams than for
glaciers, making the identification of either kinematic waves or localized responses on

ice streams unlikely.

INTRODUCTION

The idealized “steady-state” glacier can only be found in
textbooks. Climate is constantly changing on many time-
scales, forcing ice masses to respond on a separate set of
time-scales. When accurate measurements are collected,
changes in ice thickness of any ice mass are usually detected.
The spatial pattern of these changes is a powerful means to
determine both the specific nature of the response and the
kind of forcing. This is true whether the ice mass is a small
mountain glacier or a large ice sheet. In this paper, both

theoretical and applied approaches of classical glacier
response are used to interpret published rates of ice-thick-
ness change of three large ice streams of West Antarctica.
Ice streams are critical components of the ice flow in the
potentially unstable West Antarctic ice sheet. Understand-
ing their current behavior has been a major goal of recent
Antarctic research. It is known that they flow on a lubri-
cated, deforming, marine sediment at speeds faster than
most glaciers, but with surface slopes much lower than most
glaciers. The longitudinal pattern of ice-thickness change
for Ice Stream B was published by Shabtaie and others
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Fig. 1. Map of ice streams draining the West Anlarclic ice sheet into the Ross Ice Shelf.
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(1988) and for Ice Streams D and E by Bindschadler and
others (in press). This paper shows that this pattern is
broadly consistent between these ice streams and argues
that this pattern indicates these ice streams are actively
surging. Thinning at the heads of the ice streams implies
the West Antarctic ice sheet may have a lifetime of 1200~
6000 years.

MASS-BALANCE PATTERNS OF ICE STREAMS B,
DANDE

The West Antarctic ice sheet drains roughly one-third of its
mass into the Ross Ice Shelf. Ice Streams B, D and E are the
primary routes; Ice Stream C is inactive and Ice Stream A's
catchment lies more in East Antarctica (Fig. 1). The mass
balance of Ice Stream B was determined by studying it
through a combination of airborne radar (for ice thickness)
and surface surveys combined with aerial photogrammetry
(for ice velocity) (Shabtaie and others, 1988). Mass-balance
calculations of Ice Streams D and E were based on a combi-
nation of surface and airborne radar and satellite imagery
(Bindschadler and others, in press).

Figure 2 shows the longitudinal profiles of the rate of ice-
thickness change for these three ice streams. The points rep-
resent the average rate of thickness change for a box defined
by transects (or gates) across each ice stream where the
along-stream flux was calculated from field and satellite
measurements. The value at 38 km on Ice Stream B has been
corrected from the value published by Shabtaie and others
(1988) by a velocity adjustment as discussed by Bindschadler
(1993). This adjustment removed the effect of older, faster
velocities being used at one gate near Ice Stream B’s ground-
ing line. Included in the figure is the position of the most
upstream crevasse, which indicates the approximate begin-
ning of each ice stream.

A consistent pattern is present in all three profiles, with
thickening upstream and downstream of a central region of
substantially diminished thickening or, in the case of Ice
Stream D, thinning. Although the uncertainty of any single
mass balance is often large, as indicated by the error bars,
this overall pattern is identifiable in each ice stream. The
vertical and horizontal scalings of each ice stream in Figure
2 are identical, despite their different geometries. Figure 1
shows that Ice Stream E is shorter and wider with more in-
tense convergence than either Ice Stream B or D. Ice Stream
Bis formed by the convergence of two rather equally dimen-
sioned tributaries, while Ice Stream D’ origin is based more
on a single tributary that is consistently added to from the
side for a distance of over 100 km. Given this considerable
range of geometries, it is remarkable that the overall pattern
of thickness change is so consistent. Extension of this consis-
tency to the upstream areas of Ice Streams D and E suggests
they also maybe thinning between the most upstream
crevasses and the most upstream mass-balance measure-
ment.

Some of the differences between profiles are due to the
different limits of coverage and length differences. Propor-
tional scaling to a common distance between the first
crevasse (double cross in Figure 2) and the grounding line
would increase the similarity. There is thinning in the
central part of Ice Stream D that is not seen on either Ice
Stream B or E. It is difficult to infer the cause of this differ-
ence. It may be the result of significant tributary flow into
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Fig. 2. Longitudinal profiles of the calculated rates of ice-
thickness change on Ice Streams B, D and E. Vertical error
bars represent 1 o uncertainties. Double crosses show position
of most upstream crevasse indicaling location of the ice-stream
head and onsel of stream flow. ( Data source as indicated in
text,)

the central part of Ice Stream D known to occur on D but
not on either B or E (see Bindschadler and others, in press)
or of secondary effects that may have changed the local flow
rates (such as basal lubrication or subglacial water flow).

SIMILARITY TO GLACIER SURGE BEHAVIOR

The similarity between Ice Stream B profile of thickness
change and that predicted for a surging glacier has been
noted by Shabtaie and ohters (1988). This similarity is even
more striking once the velocity adjustment mentioned
above is applied. Figure 3 reproduces figures from Rasmus-
sen and Campbell (1973) that show how the thickness of a
modeled valley glacier changes during an imposed 1year
surge and for several 20 year intervals after the surge was
terminated. Using a non-linear expression for the flow law,
the surge was forced by increasing the coeflicient that deter-
mines volume fluxes by a factor of 20 for 1 year before restor-
ing it to the pre-surge value. A distinctive longitudinal
signature of ice-thickness change builds up progressively
during the surge, characterized by a thinning upstream,
intense thickening in the adjacent downstream region,
diminishing thickening farther downstream, returning to
larger thickening rates in the terminal area. The pattern is
distinctly different during the recovery as the thinned area
upstream rapidly spreads downstream and thickening
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Fig. 3. Longitudinal profiles of thickness change calculated by
numerical simulation of a surging glacier. (a) Height change
Jrom steady-state during the 1year surge. (b) Height change
at 20year intervals after the surge. Figure adapled from
Rasmussen and Campbell (19753).

occurs in an ever-diminishing terminal region. The post-
surge response represents the down-glacier traverse of a dif-
fusing kinematic wave (kinematic waves and diffusion will
be discussed in the next section).

The observations of the complete profile of Ice Stream
B, supported by the shorter profiles of Ice Streams D and
E, are consistent with the surging profiles, rather than with
any of the recovery profiles. All three ice-stream profiles in-
clude the decrease in thickening rate followed by an increase
as the grounding line is approached. This longitudinal pat-
tern is particularly important because it is present in each
profile and it is a major feature that distinguishes active sur-
ging not only from all the recovery profiles, but also from
other modeled glacier responses to climatic perturbations,
such as changes in accumulation rate (see Campbell and
Rasmussen, 1970). The dynamic cause of this increase in
thickening near the terminus is longitudinal compression
downstream of the equilibrium line. While ice streams exist
entirely in the accumulation zone and, thus, do not have an
equilibrium line, all three of these ice streams do exhibit
longitudinal compression just above the grounding line
(Bindschadler and others, 1993, in press).

Not only is the shape of the ice-stream profiles consistent
with the surge-model results, but a rough quantitative scal-
ing of the model results lends additional support to the simi-
larity argument. The surge glacier is only 2km wide and
10 km long compared with a width of 40 km and length of
400 km for Ice Stream B. Thus, the rate of thickness change
calculated for the model should be reduced by a factor of
20-40. This would reduce the maximum rate of thickening
(4ma ') for the glacier to an expected value of 0.35—
07ma 'for Ice Stream B, close to the measured maximum
of Lima ',

This comparison strongly suggests that these three ice
streams are in a state of active surging. Because these are
the only three ice streams for which this level of detailed
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mass balance has been completed, and all show the same
pattern, it can be hypothesized that active surging behavior
is characteristic of ice streams.

CONSEQUENCES OF SURGE BEHAVIOR

There is extensive literature on the phenomenon of surging
(see the review by Clarke, 1987). Usually it is associated with
temperate or polythermal glaciers, but, on occasion, it has
been attributed to Antarctica, particularly the ice streams of
West Antarctica (Hughes, 1975; Lingle, 1987). These attribu-
tions have been based on the relationship between fast ice
flow and low driving stresses. Here the association is made
on the basis of the longitudinal pattern of ice-thickness
change.

Surging implies a strong negative local mass balance at
the head of the stream where slow ice accelerates into the
faster stream. Whillans and others (1987) noted the com-
plexities of flow in the upstream areas of Ice Stream B. They
suggested that the irregular position of the ice-stream head
might be due to the spatial pattern of basal stress concentra-
tions and that, with time, the thinning at the head might
cause the point of ice-stream initiation to jump from one
concentration to another farther inland, causing ice-stream
“rafts” in the process.

This general concept of headward migration is ex-
panded here by calculating an average migration rate.
Assuming that the regional surface slope of 1.7 x 10 near
the head of Ice Stream B is to be maintained, the calculated
rate of thinning at Ice Stream B’s onset (-0.83ma ", from
Shabtaie and others (1988)) implies an average inland
migration rate of 488 ma !

Migration of the ice-stream head suggests that the ice
stream itself is probably a mobile phenomenon. Troughs as-
sociated with the current ice streams feeding the Ross
Embayment are seen extending all the way to the edge of
the continental margin (Hughes, 1977), yet it is unlikely that
the heads of these streams were positioned at the current
locations when their grounding lines rested at the continen-
tal-shelf edge. Such a situation would stretch Ice Stream B’s
length by a factor of six, with a corresponding decrease in
the driving stresses. Noting that all West Antarctic ice
streams have lengths of roughly 250-450 km, it is likely that
entire ice streams migrate in rough synchronicity with the
migrating head.

Marine sedimentological data indicate that Ice Stream
B was grounded in the vicinity of Coulman Island
15000 years ago (personal communication from E.W.
Domack, 1995), implying a slower average migration rate of
roughly 100ma ', A similar retreat rate results from mea-
surements of calving-line retreat in the western Ross Sea
range (personal communication from E.W. Domack, 1995).
The inferred migration rate at the head of Ice Stream B is
only slightly higher. A number of interpretations are possi-
ble: the surface slope at Ice Stream Bs onset could be stee-
pening (resulting in a lower migration rate); movements of
the head and grounding line are independent (although it is
suggested above that they are not); or a period of rapid
inland migration is under way.

Ice Stream B grounding line lies 600 km from the ice
divide. At the more rapid migration rate, the grounding line
would reach the divide in 1200 years, resulting in the com-
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plete disappearance of the ice sheet. At the slower rate of
100 m a_', 6000 years would be required.

In terms of sea level, a net loss of grounded ice equal to
twice the current volume of West Antarctica since the Last
Glacial Maximum has been estimated (Denton and
Hughes, 1981). Spread over 15000 years, this converts to an
average rate of 0.7 mm a 'in global sea-level rise. Using the
above range of 1200-6000 years for the discharge of the re-
maining West Antarctic ice sheet results in a predicted sea-
level contribution of 0.8-4.1mma .

Based on the above analysis, the length of the surging
phase is less, possibly substantially less, than 21000 years.
By contrast, regeneration of the roughly 2000 m thick ice
sheet, at an average accumulation rate of 0.1m a ', would
take a few times longer than the 20 000 years required to ac-
cumulate that much ice, because developing flow would
gradually reduce the rate of growth. A reasonable range is
50 000—100 000 years. This is many times the projected sur-
ging phase, suggesting that the original definition of surging
which dictates that the surge period is much shorter than
the quiescent phase may be applicable (Meier and Post,
1969).

This surge view of the West Antarctic ice sheet must be
reconciled with the existence of Ice Stream C, which has
ceased surging before reaching the ice divide. Alley and
others (1994) have associated the stagnation of Ice Stream
C with the headward growth of Ice Streams B and C, com-
bined with the particular basal topography. It is not neces-
sary that every ice stream surge forever — only that enough
ice streams continue to surge so that effective drainage of the
interior ice sheet is maintained. Finally, it is known that the
combined discharge of Ice Streams B and C is roughly that
needed to balance the accumulation of their combined
catchment basins. Thus, there may well be no inconsistency.

CLASSICAL VIEW OF RESPONSE BEHAVIOR
APPLIED TO ICE STREAMS

While the absence of critical data leaves the question of ice-
stream surging necessarily equivocal, the classical pertur-
bation analysis formulated by Nye (1963) provides addi-
tional insight into the expected character of the dynamic
response of ice streams.

Nye began by partitioning the perturbations in the
volume flux, 1, into the components due to perturbations
in surface slope, a1, and ice thickness, H).

Q] = (.‘uH; —+ D[](Xl (1)
where
Q)
v =— 2
&7} oH ( )
and
aQ
By (3)

Subscripts refer to the perturbations in the respective quan-
tities. By substituting Equations (1)=(3) into the depth-aver-
aged continuity equation,

dH 1dQ
B WA

(4)

where t is time, W is width (assumed constant), x is longitu-
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dinal position, and A is accumulation rate, Nye arrived at
the following equation:

OH, 1 [ 0« _( _0D0\0H: *H,
at  w| oz "5z ) az " 0x2

(5)

The three terms on the righthand side of Equation (5) rep-
resent, in order, the exponential decay of a change in ice
thickness with time, a kinematic wave of thickness H; mov-
ing down-glacier, and diffusion of a perturbation in ice
thickness. Each term is analyzed below.

For West Antarctic ice streams, sliding dominates the ice
velocity, so the flux is

Q=UWH. (6)

We adopt a standard flow-law sliding relationship such as
that suggested by Budd (1969):

U= kn,"H (7)

where U is the ice speed, 7, is the base stress, and kis a coel-
ficient that accounts for temperature and the lubrication
effect of pressurized subglacial water. For the following
analysis, k is assumed constant. Thus, the dynamic response
is not affected by changes in either temperature or water
pressure. Ignoring the temperature dependence is accepta-
ble since the time-scale of temperature changes is long
However, water pressure is known to change rapidly and
affect the dynamics of Ice Stream B (personal communica-
tion from B. Kamb, 1994). This effect is not included here for
the pragmatic reason that the functional relationship
between k and water pressure is not known for ice streams.
On ice streams, resistance to the driving stress is shared
between shear resistance at the lateral margins and basal
shear. Force balance for a section of ice stream requires that

H
™ =Td —EWTS (8)

where
Ta = py(sina)H, (9)

Ty is the driving stress (approximately 0.1 bar) and 7 is the
side shear (approximately 1 bar).
Equations (1)—(9) allow the evaluation of the three terms
relevant to the response characteristics of ice streams.
Discussing first the exponential decay term of Equation
(5), the perturbation in ice thickness decays with a time
constant

oW H
"~ dep/0r  U(m+1)(m+2)(0H/0x)

(10)

For these ice streams, typical values are U=400ma L
H=1000m and 8H/8z=-2 x 10 °. Using m=3 gives
T =—62 years. The negative value, due to the sign of
OH /O, implies that the response will be unstable: analo-
gous to the response of the downstream portion of glaciers
(where H decreases as the terminus is approached). Nega-
tive thickness gradients are characteristic of marine ice
sheets and are expected throughout most of West Antarcti-
ca. Nye explained that this instability grows until the arrival
of a kinematic wave restores stability which, as shown
below, arrives quickly by diffusion.


https://doi.org/10.3189/S0260305500012520

The second term in Equation (5) describes a kinematic
wave of amplitude H; moving with a velocity,

L _on, (22 +25)
— 9 _ iU+ - - (11)
W tan a

For glaciers, the (m + 2)U term usually dominates with
@Dy /Ox positive in the accumulation zone and negative in
the ablation zone. For ice streams, o is low, so the second
term (arising from @D /dz in Equation (5)) can be large.
Also the sign of this second term can be either positive or
negative since AU /81 is usually positive, but OH /8 is gen-
erally negative. Thus, there are some cases where the kine-
matic wave velocity may be negative, indicating waves that
travel upstream. Using ranges of typical values for the indi-
vidual terms in Equation (I1), kinematic wave velocities
range from —0.6 to +6.3 kma .

The third term of Equation (5) describes the diffusion of

perturbations with a diffusion coefficient
Du mUH
W  tana
Using typical ice-stream values, Do/W =7 x 10°m?a”!, as
compared with typical values of 10°m?a ' on glaciers. All
terms in this expression combine to make diffusion much
faster on ice streams than on glaciers: ice streams are faster,
deeper and have lower slopes than typical glaciers. The
effect 1s that perturbations will spread over an ice stream
much faster than over glaciers. In practical terms, this
means that it will be difficult to recognize kinematic waves
on ice streams.

A quantitative example illustrates this point. A topo-
graphic perturbation of Gaussian shape with a half~width
of 1km on an ice stream will spread to a half-width to
100 km in less than 4 years. This rapid diffusion precludes
the development of instability as implied by the exponential
response discussed above for the first term of Equation (5).

An independent theoretical treatment of response dyn-
amics that included longitudinal stress gradients indicated
a wavelength dependence of the diffusion coefficient (Gud-
mundsson, 1995). In that analysis, shorter-scale perturba-
tions took longer to decay on ice streams than on glaciers.
Thus, the above analysis is most applicable for perturbations
of a scale a few times the average ice thickness or longer.

(12)

ICE-STREAM MODELS

The above results are based on a theoretical approach and
include rough approximations. It is worth examining pub-
lished results from more numerically complex ice-stream
models to see if they are at least consistent with the above
analysis.

Past perception of ice-stream behavior was linked to the
concept of ice-shelf buttressing, and most ice-stream model
applications studied scenarios involving a change in ice-
shelf or grounding-line conditions rather than surging or
climatic response. Thus, model runs that include the down-
stream propagation of kinematic waves could not be found
in the literature. Nevertheless, examination of published
results for a variety of models confirms that diffusion is
rapid relative to the kinematic wave speed.

Alley and others (1987) showed that instantaneous thin-
ning at the grounding line quickly affected the entire ice
stream. Rapid diffusion is apparent (see their fig. 3) but dif-
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ficult to quantify. The maximum thickening traveled up-
stream at an average speed of 7kma ' (see their fig. 4,
p.8934). Based on the above analysis, a kinematic wave of
constant thickness perturbation (not maximum thickening)
is predicted to move upstream at 40 kma . The most likely
reason for this poor agreement is that the model included
till dynamics. Till, with a stiffer rheology than ice, would
tend to slow the response time-scale.

Results of similar scenarios, but without an integrated
till layer, for Ice Stream E were computed by Lingle and
Brown (1984). Again, the scenarios investigated involve
changes in the ice shelf. Evidence of rapid diffusion is again
present but is impossible to quantify because of model start-
up effects. The maximum rate of thickness changes took 50—
100 years to travel 100—150 km upstream. These speeds are
somewhat slower than Alley and others produced but it
appears that changes were rapidly transmitted upstream at
reduced amplitudes.

CONCLUSIONS

The longitudinal pattern of mass balance on three West Ant-
arctic ice streams appears to be consistent. The only longitu-
dinal response profile from glacier-response studies that fits
this profile is one of active surging, Surging is not an equili-
brium situation and implies inland migration of the ice-
stream head. On Ice Stream B, this migration rate is esti-
mated to be 488 ma . If basal conditions permit the conti-
nuation of surging behavior without additional
modification to the current dynamics, the expected lifetime
of the West Antarctic ice sheet is 1200-6000 years, after
which regeneration would require 50000-100000 years.
This fits the classical definition of surging.

The application of classic glacier-response theory to ice
streams illustrates that diffusion is much faster on ice
streams than on glaciers. Rapid diffusion makes it unlikely
that localized perturbations in ice-stream flow will be
detectable as the ice streams quickly propagate such pertur-
bations over the full length of the ice stream.
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