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Changes in the West Antarctic Ice Sheet

R. B. ALLEY AND 1. M. WHILLANS

The portion of the West Antarctic ice sheet that flows into
the Ross Sea is thinning in some places and thickening in
others. These changes are not caused by any current
climatic change, but by the combination of a delayed
response to the end of the last global glacial cycle and an
internal instability. The near-future impact of the ice
sheet on global sea level is largely due to processes
internal to the movement of the ice sheet, and not so
much to the threat of a possible greenhouse warming.
Thus the near-term future of the ice sheet is already
determined. However, too little of the ice sheet has been
surveyed to predict its overall future behavior.

HANGES IN LARGE ICE SHEETS HAVE AFFECTED GLOBAL

sea levels in the past, and may affect them in the future. The

West Antarctic Ice Sheet (WAIS) has received special atten-
tion because it is different from the other ice sheets remaining on
earth, and because, being grounded well below sea level, it may be
prone to more rapid collapse. Indeed, paleontological analysis of
subglacial sediments shows that the ice sheet was partially or
completely absent at least once during the last 600,000 years (1).

The WAIS exhibits several styles of ice flow. Most of the ice
volume is in the interior, and is called inland ice. It moves slowly,
mainly by internal deformation. The flow of inland ice converges
into fast-moving ice streams, which are separated by slow-flowing
interstream ridges. The ice streams flow outward and eventually
float as ice shelves. The various flow components are closely linked,
such that a change in any one must propagate both up-flow and
down-flow, throughout the ice sheet.

Early research focused on the ice shelves and on the marine nature
of the ice sheet. The bed of the ice sheet is well below sea level and
deepens toward its center (2); these features make the ice sheet
prone to accelerating decay. Modeling and measurements show that
there are longitudinal compressive forces in the ice shelves in addition
to the tension normally expected for free flotation (3). This extra
compression, or buttressing, acts up-glacier on the grounded ice
streams and inland ice. Theoretical studies show that the magnitude of
this buttressing is especially sensitive to changes in the melt rate under
the ice shelves, and that, in turn, is sensitive to changes in oceanic
circulation (4). In the most catastrophic scenario, an increase in ocean
temperature would cause the ice streams to flow faster, thin, and float.
The changes would begin in the ice shelves and propagate up-glacier,
perhaps within a few centuries, such that the grounded ice would be
thinned and sea level would be raised by up to 6 m.
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This simple picture was complicated by the discovery of fast ice
streams within the grounded portion of the ice sheet (5). The ice
streams are bounded by much more slowly moving ice, and are
mainly heavily crevassed at the surface. However, for ice stream C,
the crevasses are buried. This observation led to the suggestion that
ice stream C had stopped recently, the crevasses being a relict from
a former active phase of the ice stream (6). The stoppage of ice
stream C while its neighbors continue to move rapidly points to an
internal instability rather than some uniform change propagating
up-glacier. Thus, there is not only the problem of why there are ice
streams, but the possibility of major ongoing changes in the ice
sheet. In this Article, we review studies that confirm these inferences
and that have identified other rapid changes in the ice sheet and that
demonstrate ice-flow instabilities.

Ongoing Changes

New work confirms the inference that ice stream C has stopped.
On an ice-penetrating radar display, ice stream C looks like an
ordinary, active ice stream, with abundant scattering from near-
surface crevasses (6, 7). Satellite imagery shows streamlines similar
to those of other ice streams, but more subdued (8). However, radar
sounding and accumulation measurements show that the surface
crevassing is buried by about 200 years of snowfall (9). Velocity
measurements made with the use of Doppler satellites show the ice
stream to be virtually stagnant (10, 11). Evidently ice stream C has
stopped in the past few centuries and is now thickening at the
surface accumulation rate, which is about 10 cm/year (12).

The neighboring ice stream B, in contrast, is thinning. Its
discharge has been measured near its mouth, with the use of radar
and repeat photogrammetry to measure the displacements of cre-
vasses. The ice stream is draining ice 40% faster than replenishment
by snow on its surface and in its catchment area. This amounts to an
average thinning rate of 6 cm/year over the drainage basin (12), a
large imbalance.

The imbalance in the ice stream B system is not distributed
uniformly. Measurements of horizontal ice divergence indicate that
thinning is concentrated at the head of ice stream B and locally
reaches 1 m/year (13). Moreover, velocities measured with the use of
Doppler satellites do not accord with flow directions inferred from
mapped flow features (11). The end of the interstream ridge
between the two major tributaries of ice stream B is especially
anomalous. It would ordinarily be expected to be nearly stagnant, or
perhaps be pulled along in the direction of the ice stream. However,
it is moving sideways, probably due to a push from the vigorous ice
stream to its south. Such irregular flow patterns may be the reason
for observed contortions in surface-elevation contours (14, 15),
difficult-to-understand crevasse patterns (16, 17), and contorted
internal structures (18). There seems to be an interfingering of
different flow regimes such that blocks or rafts of inland ice are being
incorporated into the ice stream. The formation of rafts is believed
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to be associated with the headward migration of the ice stream at a
rate of a few hundred meters per year (19). One such raft has been
detected far down-glacier. The feature known as “ice rise a” (Fig. 1)
has the visible and radar signature of slowly moving inland ice;
however, it is moving quickly with the ice stream (9, 20). It seems
that the flow of ice stream B has been and will continue to be
time-variable.

Overall, ice stream B is thinning, but near the mouth of ice stream
B the modern speed is much smaller (by about 100 m/year or 20%)
than 10 years ago (21). This change indicates a thickening. The
region of thickening continues down-flow to Crary Ice Rise (CIR:
Fig. 1). This is a grounded ice dome within the Ross Ice Shelf.
Today, the up-glacial end is thickening at about 0.8 m/year, while
the other end is thinning at about 1.0 m/year (22-24). The net effect
is that the ice rise is migrating up-flow in a complex way (22). The
complexity is shown by a large raft of ice (40 by 7 km) that is being
plucked from the side of the ice rise and carried off in the ice shelf
(25, 26), and there are further changes in the ice shelf to the west of
CIR (27, 28). The ice rise has been in its current location for 1000
years or less (29). These changes in the region of Crary Ice Rise may
be a consequence of progressive grounding of the ice sheet, or they
could be a contributing cause, because once the ice rise forms it
becomes firmly fixed to the bed and blocks the outflow of the ice
stream that runs into it (24).

Beyond the mouth of ice stream C, the recently stopped ice
stream, the ice shelf is thinning. The stretching ice shelf is pulling on
the ice stream, and has caused the grounding line to move 300 m
up-glacier in 11 years (30).

The inland ice has been studied most carefully near Byrd Station,
in the catchment of ice stream D. During the past 30,000 years, the
ice flow has been roughly steady (31). But a small thickening began
at the end of the last glaciation (32). This thickening has ceased, and
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Fig. 1. The Siple Coast region of West Antarctica (15, 63); contour interval
for elevations is 200 m.
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at present ice outflow exceeds ice accumulation by 20%; as a result,
the ice is thinning by about 3 cm/year (33).

Only certain parts of the ice sheet have been studied with
precision (inland ice near Byrd Station, ice streams B and C, and
their associated interstream ridges and the ice shelf). Thus, the net
imbalance of West Antarctica is not well known. However, it seems
appropriate to suspect that the remaining ice streams that flow into
the Ross Ice Shelf also may be out of balance. There is a good
possibility that the overall mass balance of West Antarctica is
distinctly nonzero (9, 13).

Causes for Changes

The major external controls on the dimensions of an ice sheet are
net snow accumulation, surface temperature, and marginal position
(34, 35). A change in any of these controls must lead to changes in
ice-sheet configuration. Models predict that for the WAIS, the time
scale for such changes is thousands of years.

Data from ice-core records in Antarctica indicate that temperature
and accumulation rate increased from about 15,000 to 10,000 years
ago (at the end of the last global glaciation), and that they have been
relatively constant since then (36). By itself, the increase in accumu-
lation rate must have caused a thickening of the inland ice that
should be largely completed by today. Warm ice flows more ecasily
than cold ice, but a surface warming takes thousands of years to diffuse
and be advected to the depths that control flow. Warming thus causes
a delayed speeding and thinning of the ice, which should be occurring
today (37). Thus, the climatic changes at the end of the last ice age
should have caused a thickening and then an ongoing thinning.

From ~15,000 to ~5,000 years ago global sea level rose dramat-
ically (38) owing at least in part to the collapse of the Northern
Hemisphere ice sheets. Since then changes in sea level have been
slow. The big rise caused much of the margin of the ice-age WAIS to
float off its bed, which in turn caused thinning of the marginal regions
and formation of the modern ice shelves (39, 40). This process must
have also caused a wave of thinning to propagate inland over
thousands of years; the inland ice is probably still responding (34).

In sum, the ordinary response to the environmental changes at the
end of the last glacial period should be regionally coherent marginal
thinning and retreat, together with inland thickening followed by
thinning to the present. Glacial-geologic evidence from marginal
areas shows that the ice sheet has thinned as much as 1000 m and the
grounding-line has retreated as much as 1000 km coincident with
the deglacial rise in global sea level (40). As noted above, results
from Byrd Station and vicinity show the expected thickening
followed by thinning. These measurements fit very nicely with the
predicted response to the known external environmental forcing.

The changes in the ice streams do not fit this pattern. The changes
may have been set on course by external events, but now, internal
processes that are specific to ice streams must be playing a large role.
Among the internal processes that may be significant are the controls
on basal sliding and the transition from slow to fast flow at the
ice-stream heads and margins.

Ice streams move much faster than inland ice despite having
smaller basal shear stresses. This relation is illustrated in Fig. 2,
which shows quantities along a flowline from the ice divide along ice
stream B to the ice shelf. The driving stress (41), which causes ice
flow, is usually about equal to the basal sheer stress. Paradoxically, it
is a maximum where the ice is slow. Ice speed reaches a maximum in
the ice stream, where the driving stress is small. Unlike the predic-
tions of conventional theory (42), the speed of ice stream B is not
linked to driving stress. Some other factor, such as basal lubrication,
must be more important. The lubricant was first thought to be

SCIENCE, VOL. 254



Ice Ice ]
divide UpB X "29 Grounding :—800
R T N S
7/ N
& ® N L600 5
@ ' g . ! 3
@ 100 /&3 r E
2 - S Ly ©
- e e _el400 8
=) Q. / - 2
c Z. [/ @
£ 50 i ]
2 >/ Loon 8
£ ©rs {200 &
47-‘_"8:31_,—‘1_\_‘_‘_,_1-]_“ =.
— ]
0 | ! T T T I T 0

|
400 200 0 km

Inland ice —+— Ice stream B_.+Trans'iteion><_ Ice shelf

2ol
Fig. 2. Driving stress (solid), which is responsible for ice flow, and ice speed
(dashed). Driving stress peaks where speed is small and vice versa, the peaks
are about 400 km apart. The “transition zone” has been termed “ice plain,”
“ice apron,” and “pseudo-ice shelf” (63).

|
800 600

water, which can separate the base of the glacier from its bed. The
amount of lubrication is greater the more meltwater produced and
the more difficult subglacial drainage. This view is supported by the
presence of pressurized subglacial water under both the inland ice
and ice stream B (43—45).

However, the lubricant may be more than just water. Porous,
unconsolidated debris containing pressurized water has been detect-
ed under ice stream B with the use of seismic techniques and direct
drilling (44—46). The pressure in the pore water supports most of the
ice overburden. The debris is unconsolidated, and may be in motion
(47, 48). The debris has been observed seismically to be nearly
continuous over about 10 km by 10 km near the UpB camp on ice
stream B (Fig. 1) and over a similar area about 200 km down-glacier
(49-51). If the entire bed is covered by this debris, the frictional drag
of the ice stream must be transmitted through it. This effect means
that the ice is pulling the debris along, and moreover, that the
velocity of the ice stream is controlled by the strength and thickness
of this mobile debris (47, 48). If bedrock knobs project through the
debris, then the frictional drag of the ice
stream is divided between the low-strength
debris and the knobs.

Debris in motion must have a source as
well as a sink. At the source, the ice erodes
its bed deeper. Geological and seismic-re-
flection studies show that the unconsoli-
dated debris beneath ice stream B rests on
and is derived from weak sediments of Ter-
tary age (49, 51, 52). Such a bed is easily
erodible. The ultimate disposition of the
debris is as submarine deltas, as has been
reported for the mouth of ice stream B on
the basis of seismic measurements (49).

If the bed is continuously mobile, the
thickness and viscosity of the basal debris are
crucial to the dynamics of the ice streams
and the entire ice sheet. The behavior of the

Fig. 3. Vertically taken aerial photograph of the
northern shear margin of ice stream B. South is
toward the top of the figure and solar illumination
is from the right. The smooth region to the
bottom is the slow-flowing ridge B/C. The zone at
the top is ice stream B, flowing to the right at
about 500 m per year. Most of the strike-slip
shear occurs in the chaotic zone in the center of
the figure. At the edge of ridge B/C is a series of
en echelon hook-shaped crevasses. Photo 12-116.
Scale is 1 km.
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debris is sensitively tied to the mode of water transport and storage,
as well as bed erosion, transport, and deposition. The viscosity of
debris is extremely sensitive to the difference between ice overbur-
den and water pressure, as well as to the amount of water or
porosity. The water responsible for separating the glacier from its
bed is produced by frictional dissipation and geothermal heat. It
drains in irregular thin films over the debris and can be advected
with the debris (48, 53). The velocity of the ice also increases with
the thickness of the debris. In part, that depends on the balance
between erosion of the bed and transport or deposition of till.
Subtle changes in transmission of water or in debris erosion and
transport would affect the thickness and viscosity of the debris, and
have large effects on the dynamics of the overlying ice sheet (54). For
example, the ill-defined boundary between the upglacier ends of ice
streams B and C suggests that basal lubricant generated in the
catchment of ice stream C has been diverted down ice stream B; if
so, this would have contributed to the stoppage of ice stream C and
the acceleration of ice stream B (55).

The transition from slow to fast flow at the lateral margins and at
the upglacial origins of the ice streams is one of the most striking
features of the WAIS and is a major puzzle. The transition is
especially abrupt at the lateral margins of ice streams (Fig. 3), where
the ice streams abut against the interstream ridges. Outside of the
lateral margins, the ice flow is slower than about 10 m/year and can
be accounted for entirely by internal deformation. The ice may be
frozen to the substrate. This slow ice flows into the ice stream where
it makes a sharp right-angle turn and increases speeds to more than
300 m/year (56). The ice is transformed from ridge-ice to ice-stream
ice as it crosses through the boundary, which can be 5 km or less in
width (12, 20, 56, 57).

The speed transition is not closely related to topographic features
in the bed. Although the ice streams are roughly located over basal
troughs, the margins in some places overlie basal deeps and in
others, basal cross-slopes (58). In other ice sheets, the switch from
inland ice to fast-flowing outlet glaciers occurs at a downstep in the
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bed (59), but no such basal feature has yet been identified for the
WALIS ice streams. The influence of bed topography on the nature of
the ice streams appears to be weak.

The abrupt flow transition is most likely controlled by the onset of
easy basal sliding, associated with the presence of abundant lubri-
cation. This lubrication may be picked up by the ice as it attains
some speed or drag threshold or may be injected under the incoming
ridge ice from beneath the well-lubricated ice stream.

Another possibility for the occurrence of abrupt ice-stream mar-
gins is that the ice-stream ice may be softer than ridge ice, owing to
different crystal orientation, temperature, or other factors. If this is
the case, the softening effect must migrate into the ridge ice at about
the same rate that the ridge ice is flowing into the ice stream.

The reason for the formation of rafts is not known. Perhaps large
parts of the bed become lubricated all at once, or perhaps there are
switches in ice stiffness or lubrication that form narrow shear
margins and allow rafts to be pulled away from inland ice and ice
rises. Along the ice stream, crevasse patterns suggest that the basal
lubrication is not uniform (17), and these variations could be
accentuated near the ice-stream head.

Conclusions

The WAIS is changing now, even before there could have been
important anthropogenic effects. The slow thinning observed for the
interior appears to be a continuing response to the major global
changes at the end of the last glacial, but the complex changes
occurring in the ice streams are not predicted by current models.

A widely held theory for the behavior of the WAIS is the ice-shelf
buttressing theory (60). In this theory, the thin and fragile ice shelves
hold back the grounded portions of the ice sheet through drag against
islands and rock walls. Changes originating in the ice shelves propa-
gate up-glacier. However, although the ice stream B system is mainly
thinning, its mouth is thickening and slowing. This pattern is not
accounted for by the classic buttressing model. Moreover, the near-
zero Jongitudinal stress at DnB indicates that stresses from the ice shelf
are unimportant in controlling flow styles at this site (61). The origin
of many or most of the changes must lie within the grounded portion
of the ice sheet, and especially within the ice streams.

Hypotheses to account for the observed ice-stream changes
include changes in the generation and transport of water and basal
debris, and variations in ice strength. These are mechanisms that are
mainly internal to the ice sheet. Until these hypotheses can be tested
and more fully developed it is not possible to predict the future
course of the ice sheet.

The importance of the ongoing changes in West Antarctica to
global sea level is not known. This is because such a small part of the
ice sheet has been surveyed, and extrapolation of the current findings
to the entire ice sheet would be very uncertain. However, the
documented changes that are now occurring are very large, and so it
seems probable that the ice sheet is contributing in some important
way to the mass balance of the world’s oceans, independent of any
projected climatic changes.
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Antigenic Diversity

Thresholds and the

Development of AIDS

MARTIN A. NOwAK,* Roy M. ANDERSON, ANGELA R. MCLEAN,
Tom E. W. WoLEs, JAAP GOUDSMIT, ROBERT M. MAY

Longitudinal studies of patients infected with HIV-1
reveal a long and variable incubation period between
infection and the development of AIDS. Data from a
small number of infected patients show temporal changes
in the number of genetically distinct strains of the virus
throughout the incubation period, with a slow but steady
rise in diversity during the progression to disease. A
mathematical model of the dynamic interaction between
viral diversity and the human immune system suggests the

existence of an antigen diversity threshold, below which
the immune system is able to regulate viral population
growth but above which the virus population induces the
collapse of the CD4* lymphocyte population. The model
suggests that antigenic diversity is the cause, not a conse-
quence, of immunodeficiency disease. The model is com-
pared with available data, and is used to assess how the
timing of the application of chemotherapy or immuno-
therapy influences the rate of progress to disease.

UCH UNCERTAINTY STILL SURROUNDS THE PROCESSES

governing the development of acquired immunodefi-

ciency syndrome (AIDS), after an individual is infected
with the human immunodeficiency viruses (HIV-1 and HIV-2).
There is a long and highly variable incubation period for AIDS, with
roughly 50 percent of male homosexuals developing the disease within
10 years after infection (1), and a slow but steady depletion of CD4™*
T-helper or inducer lymphocytes over this period in those who
develop AIDS (2). The interaction between the viral population and
the host’s immune and other systems is very complex, with the virus
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being able to infect not only cells within the immune system but also
a wide variety of other cell types in the brain, the gastrointestinal
tract, the kidney, and other tissues (3).

Various explanations have been offered for the slow impairment
of immune functions and the increased susceptibility of AIDS
patients to opportunistic infections. These range from those based
on the ability of the virus to kill CD4* cells, to those that invoke the
presence of other infectious agents, such as mycoplasms, as necessary
cofactors for the development of disease (4).

Understanding what is going on might seem to have been made
more difficult by the discovery of great genetic diversity in viral
isolates obtained either sequentially from the same infected individ-
ual or from different individuals (5). As a retrovirus, HIV lacks
mechanisms that correct errors during replication, and the result is
an error rate of about 10™* per base, or one misincorporation per
genome per replication cycle (6). Thus, each viral genome must be
viewed as being different from any other, and viral isolates must be
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