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ABSTRACT. Surface flow in a 10000 km? expanse of the onset area of Ice Stream D,
West Antarctica, was measured by repeat, precise global positioning system surveys over a
lyear interval. The pattern of velocity and strain rate shows the development of Ice
Stream D, the major flow into which originates south of Byrd station and follows the
course of a deep bed channel. Plotting of the driving stress vs the ratio of velocity and ice
thickness identifies the onset of streaming flow (roughly 140 km downstream of Byrd
station) as a transition between deformation flow and sliding flow. Along the kinematic
center line of the developing ice stream, the ice rheology is linear at stresses below 0.6 bar,
and appears temperate at the base well before the onset of streaming is reached. The onset
corresponds to a maximum driving stress of 0.8 bar. It occurs downstream of a slight
increase in longitudinal strain rate where stronger along-flow lineations are apparent in
Landsat imagery, and after the ice has passed the center of an overdeepening in the bed
channel. No current deviation from equilibrium is detected in this region, but a set of
flow stripes misaligned with present flow indicates significant changes in flow have

occurred in the past.

INTRODUCTION

Ice streams are critical dynamic elements of the West Ant-
arctic ice sheet, yet little is known about the process respon-
sible for their initiation. Their relatively rapid speeds (a few
hundred meters per year), considerable widths (typically
50 km) and kilometer depths make them the dominant dis-
charge conduits from the ice sheet. High speed and great
depth also result in a short response time-scale, providing
an avenue for rapid transmission inland of dynamic effects
nearer the coast (Bindschadler, 1997).

Numerous studies have addressed the mechanical pro-
cesses that govern the speed of ice streams at their bases,
across their margins and at their mouths (where they enter
the ice shelf) (MacAyeal and others, 1987; Alley, 1990;
Kamb, 1991; Raymond, 1996; Anandakrishnan and Alley,
1997b; Engelhardt and Kamb, 1997; Whillans and Van der
Veen, 1997; Jacobson and Raymond, 1998). However, few
studies have examined the transition from slow, inland ice-
sheet flow to rapid ice-stream flow (Hughes, 1977; McIntyre,
1985; Whillans, 1987; Alley, 1990). Ice streams move rapidly
by sliding at or within their basal till (Engelhardt and
Kamb, 1997). Sustaining high sliding rates, by lubricating
meltwater created from subglacial frictional heating; is less
puzzling than how the fast flow is initiated.

The term “onset” commonly refers to the region where
ice flow changes from a combination of internal deform-
ation and basal sliding characteristic of most of an ice sheet,
to a streaming mode of flow where a well-lubricated bed en-
ables high speeds at low driving stresses (Bentley, 1987). The
spatial scale over which this transition in ice dynamics takes
place remains unknown. Until the processes responsible for
ice-stream initiation are understood, the future of the ice
sheet cannot be predicted.

Proxy onset indicators (discussed below) have been sug-
gested but not verified. Our approach is aimed at identify-
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ing the regions where the dynamic relationship between
driving stress and speed fits an internal-deformation/basal-
sliding mode and where it fits a streaming mode. In so
doing, we find that a localized transition region can be iden-
tified, and proxy onset indicators can be evaluated.

PREVIOUS ONSET-LOCATION TECHNIQUES

Optical satellite imagery has been used to discriminate
between the more undulating surfaces of ice streams at the
many-kilometer scale and the smoother, slower inter-stream
ridges (Bindschadler and Vornberger, 1990; Scambos and
Bindschadler, 1991). The inland regions are also undulating,
requiring higher-resolution imagery to identify longitudinal
flow stripes many tens of meters across which can form
when the ratio of sliding velocity to internal deformation is
high (Gudmundsson and others, 1998). Such sites are fre-
quently observed in high-resolution imagery and are usually
associated with, but not always connected to, an ice stream
(Stephenson and Bindschadler, 1990; Scambos and Bind-
schadler, 1991; Hodge and Doppelhammer, 1996). The most
upstream transverse crevasse might also serve as an indica-
tion of onset, insofar as transverse crevasses are formed by
longitudinal tension, but it is not known if tensile stresses
sufficient to form transverse crevasses occur at all onsets.
Similarly, marginal crevasses indicate intense shear, but if
the velocity difference between an ice stream and adjacent
ice 1s distributed over a longer distance, shear stress is re-
duced and marginal crevasses may not form. In short,
precise location of the onset cannot be based on imagery
alone.

Hughes (1977) characterized the onset as occurring
where the longitudinal elevation profile displayed an inflec-
tion point. He argued that for inland flow the elevation
profile is described by the classic, convex-up, near-parabolic
shape, while for an ice stream the longitudinal surface
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profile must be concave-up, with slope decreasing along-
flow and eventually merging with the very shallow-sloped
ice shelf. Thus, the transition in flow should coincide with
the inflection point of this elevation profile where driving
stress was highest. In practice, however, the surface is rough
on the scale of many kilometers, and the smoothing
required to discern the inflection point makes precise
location of the onset difficult.

Attempts have been made to correlate onsets with bed
channels. McIntyre (1985) found that the sheet-flow to
stream-flow transition of Antarctic outlet glaciers is corre-
lated with steps in the bedrock, but that this correlation
does not, in general, hold inWest Antarctica. Bell and others
(1996) located one site in West Antarctica where they feel
this correlation holds.

The major limitation to all of these techniques is the ab-
sence of velocity data. Because the onset 1s defined as a
transition in the mode of'ice flow, from internal deformation
to basal sliding, confirmation of its location requires
velocity data.

DATA

Data from previous field research were combined with satel-
lite data to plan the collection of surface observations. Sur-
face motion at New Byrd station was reported as 13ma ',
based on a surface survey that extended to the ice divide
where zero velocity was assumed (Whillans, 1979). Approxi-
mately 160 km downstream of Byrd station, a speed of
130ma ' was determined by sequential Landsat imagery
for the most inland crevasses on Ice Stream D (Bindschad-
ler, and others, 1996). This order-of-magnitude increase in
speed, along with the development of flow stripes visible in
the imagery, strongly suggested the onset of streaming flow
occurred somewhere between Byrd station and the cre-
vasses.

Other lineations in the Landsat imagery suggested con-
verging flow into the region where the existence of stream-
ing flow was likely (Fig. 1). Co-registration of the bed-
elevation field with the satellite imagery showed the
strongest lineations followed the course of an overdeepened
bed channel (Bamber and Bindschadler, 1997). The channel
floor dips to >1000 m below sea level, while on either side of
the channel the bed rises 500 m above the channel bottom.
The bedrock ridge to the north lies just downstream of Byrd
station. Figure 1 includes the flight-lines to illustrate that
most of the major bed features are sampled, albeit sparsely.
Surface elevation decreases by 400 m over this region, from
roughly 1500 m at Byrd station to roughly 1100 m at the cre-
vasse field. Ice thickness averages approximately 2000 m but
varies by up to £500 m from this value.

Based on this preliminary work, a surface grid was
planned extending from Byrd station to just upstream of
the crevasse field, spanning the expected converging flow
field. A regular 5 km spacing of stakes was used (2.5 times
the average ice thickness), resulting in 319 stakes. Fifty-two
additional stakes were distributed among 11 selected sites
where interesting imagery features suggested a more
detailed survey might be fruitful. Finally, 13 other stakes
were relocated over the downstream part of the Byrd Sta-
tion Strain Network (BSSN) surveyed in 1963/64 and 1967
68 to investigate the possible temporal change in the strain
field (Whillans, 1979).
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50 KM

Fig. 1. Composite of Landsat imagery, bed-elevation contours
and flight-lines along which bed-elevation data were col-
lected. Ice thicknesses were measured by airborne radar sound-
ings (Drewry, 1983), converted to bed elevations with a mean
sea-level datum, and interpolated to a 10 km grid ( Bamber
and Bindschadler, 1997). Flight-lines are thin lines with a
quast-regular spacing of 50 km. Contour interval of bed eleva-
tions is 50 m. Location of Byrd station s indicated by solid
curcle. Arrow points to most upstream crevasse field.

The grid was established during November—December
1995 by a five-person survey team using snowmobiles to visit
each site and using Ashtech Z-12 global positioning system
(GPS) receivers to determine stake positions. The grid was
resurveyed the following year in an identical manner. De-
tails of the survey methods used and processing of the data
are reported in Chen and others (1996, 1998). They report
average position precisions of 8 cm in the horizontal and
14 cm in the vertical.

SURFACE VELOCITY

The primary result from the survey is the surface velocity
field (Fig 2). The values range from 10ma ' near Byrd sta-
tion to >100 ma™ at the grid’s downstream end, in close ac-
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Fig. 2. Measured velocities superimposed on Landsat imagery
and surface elevation contours. Elevation measurements are
Jfrom satellite radar altimetry ( Bamber, 1994) and are refer-
enced to mean sea level. Heavy line indicates the kinematic
center line discussed in text.

cord with the preliminary estimate. From the average preci-
sion of horizontal positions, speeds have a 1o accuracy of
0.Ima . Directional accuracy depends on speed.

The primary flow enters the grid from the southeast and
turns gradually westward before exiting at the downstream
end. The flow field confirmed most of the imagery-based
interpretations of flow direction, and generally conforms
with the flow direction expected from the elevation con-
tours. Deviations from the predicted and measured flow di-
rections are slight and depend on the specific choice of
averaging length applied to the elevation field. The direc-
tion of flow also conforms to the presence and orientation
of the bed channel.

The speed at Byrd surface camp was measured to be
116+ 01ma ', less than the previous measurement at New
Byrd station and directed 10° farther clockwise. Byrd sur-
face camp is located approximately 2 km northwest of the
original New Byrd station location and can be seen in Fig-
ure 2 as a small hill near the end of the leftmost line of BSSN
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velocity vectors. Due to the assumptions used with the
earlier New Byrd station velocity estimate and the similar-
ity of the BSSN strain rates over the 30 year interval (dis-
cussed below), we attribute no significance to this velocity
difference related to possible changes in ice flow. Although
the ice thickness is relatively constant across the upstream
end of the grid, and the surface slopes slightly higher near
Byrd station than to the south, the speeds are slower near
Byrd station than to the south. This may be due to the large
basal ridge obstructing the flow downstream (see Fig. 1).
Other possibilities are that the downstream effect of an even
larger, previously undetected, subglacial massif reported
southeast (i.e. upstream) of Byrd station (personal commu-
nication from D. D. Blankenship, 1996) steers ice flow to the
south so it enters the grid from the southeastern corner, or
that the velocity is affected by differences in material prop-
erties of the ice or underlying till (discussed below).
Because flow direction is not precisely parallel to the
long axis of the grid, a kinematic center line is identified by
the maximum velocity at a series of across-flow transects
(see Fig. 2). Lateral shear is at a minimum along this kine-
matic centerline which begins about 15 km from the grid’s
southeastern corner and roughly follows the axis of the bed
channel. Figure 3 shows profiles of surface and bed eleva-
tion, ice thickness and surface speed along the kinematic
centerline. Surface elevation decreases steadily. The over-
deepening occurs 140 km downstream from the upstream
origin of the grid (or 20 km upstream from the grid’s down-
stream limit), after which the thickness decreases down-
flow. Speed increases monotonically with two changes in
velocity gradient: the first at longitudinal grid distance
65 km, nearly coincident with the largest turn in the direc-
tion of the centerline; and the second at 130 km, also at a
kink in the path of the center line, very close to the thickness
maximum but 10km upstream of the maximum over-
deepening. These locations are discussed below after further

analysis.
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Fig. 3. Profiles of surface and bed elevation, ice thickness and
speed along the kinematic center line. Distance is referenced to
the upstream end of the survey grid.

STRAIN RATES

Principal strain rates are calculated from the velocity field
and shown in Figure 4. Expected errors are 3 x10 °a ' (o).
The major feature is increasing side shear which develops as
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Fig. 4. Principal strain rates calculated from the velocily field.
Bold lines are principal tensile component, while thin lines are
principal compression.

the ice stream forms. Flow-oriented strain rates (not shown)
illustrate the expected pattern in a region of converging and
accelerating flow: longitudinal strain rates are nearly all
positive, and transverse strain rates are nearly all compres-
sive. An exception to this pattern occurs along the southern
edge of the grid where longitudinal strain rates are compres-
sive and transverse strain rates are tensile. Deviations from
this pattern are also seen on the scale of the grid spacing (2.5
times the average ice thickness), presumably resulting from
local effects induced by the local variations in ice thickness.
Vertical strain rates, calculated from the incompressibility
condition as minus the sum of the surface-horizontal strain
rates, result in a mixture of positive and negative values with
little spatial coherence (not shown).

DETERMINATION OF ONSET LOCATION

The elevation profile (see Fig. 3) shows no apparent inflec-
tion point which might suggest the onset location. Trans-

98

https://doi.org/10.3189/172756500781833377 Published online by Cambridge University Press

verse velocity profiles centered on the kinematic center line
and Figure 4 both show the gradual development of increas-
ing shearing downstream as the ice-stream margin devel-
ops, but no sudden change in flow character is apparent.
The kinks in the longitudinal velocity profile are also incon-
clusive.

Our method of identifying the onset location uses the
laminar-flow approximation to determine the region where
ice flow shifts from being dominated by basal shear stress
(“sheet flow”) to being nearly independent of basal shear
stress (“streaming flow”). Laminar flow is a reasonable ap-
proximation in the ice-sheet interior, far from the ice divide.
The vertically integrated form of the laminar-flow equation
for ice deformation is

us = up + [24/(n+ 1)|n,"H, (1)

where ug and wy, are the surface and bed velocities, respect-
ively, A and n are the depth-averaged temperature-depen-
dent coefficient and exponent of the non-linear flow law, A
is the ice thickness and 7, is the basal shear stress (Paterson,
1994). In the absence of other major stresses, the basal shear
stress can be approximated by the gravitational driving
stress, Tq, expressed as

Ta = pgH sin a (2)

where p, g and « are ice density, gravitational acceleration
and surface slope, respectively. Surface slopes at each point
are calculated by fitting a plane to a centered 40 km X 40 km
area. Large-scale surface slopes minimize the effect of long-
itudinal stress gradients. If basal sliding is assumed negligible
(i.e. up, = 0), Equation (1) can be rearranged to

In(us/H) = C 4+ nln(ry), (3)
where
C =1n[24/(n+1)], (4)

which describes a linear relationship between In(us/H) and
In(7q). The effect of assuming negligible basal sliding is dis-
cussed below.

Calculations were completed for a more dense, 1km
spaced grid by interpolating velocity data from the survey
grid and from published surface elevations and ice thick-
nesses (Bamber and Bindschadler, 1997). Figure 5 shows the
distribution of In(74) vs In(us/ H) for all points of the origin-
al survey grid. To emphasize the pattern along the centerline,
all center-line points of the 1 km grid are plotted in the figure
as open circles.

The center-line profile in Figure 5 exhibits a “stair-step”
character. This shape is primarily the result of surface-slope
variations. It begins at minimum driving stresses of about
0.4 bar. The profile segments of decreasing driving stress
(near In7q = —0.9 and —0.5) correspond to short intervals
of shallower surface slopes. The bottom of the most down-
stream step (In7q = —0.3) corresponds to the more down-
stream kink in the velocity profile (identified earlier) where
longitudinal strain rates increase. The vertical step follow-
ing this point is the result of driving stress increasing while
increasing velocity is offset by increasing ice thickness (en-
tering the overdeepening), so In(us/H) changes little. Once
the overdeepening’s center is passed, ice thickness decreases
while velocity increases, causing In(us/H) to increase
again.

Driving stress reaches a maximum value of 0.8 bar 10 km
upstream from the end of the centerline. Other flowlines
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Fig. 5. Plot of In(7q) vs In(us/ H) for points in the survey
grid. Open circles lie on the kinematic center line. Lines indi-
cate different ice rheologies using flow-law parameters dis-
cussed in text. 0 is temperature. Arrow indicates onset where

type of flow changes.

parallel to the centerline describe similar traces, all with a
similar maximum driving stress. Downstream of this point,
driving stress decreases while us/ H increases. This trend for
driving stress to decrease downstream while velocity in-
creases and thickness decreases is characteristic of ice
streams (Whillans and Van der Veen, 1993). Using values of
driving stress from Drewry (1983) and of velocity and thick-
ness from Bindschadler and others (1996) for five points
along the main ice-stream trunk, Figure 6 shows that Ice
Stream D follows this pattern. These trunk points are fit
with a line of slope n = —1 and appear consistent with the
downstream end of the centerline. Because the maximum
driving stress identifies the boundary between an upstream
flow regime consistent with laminar flow and a downstream
flow regime consistent with streaming flow, this point repre-
sents the onset of Ice Stream D. Using this method, the onset
location can be identified to the resolution of the grid.

The onset occurs 10 km upstream of the grid’s down-
stream end. It lies downstream of the kinks in the velocity
profile and the center of the overdeepening (Fig. 3); how-

In (driving stress)

In (velocity/thickness)

Fig. 6. Plot of In(74) vs In(us/ H) for survey gridpoints, kine-
matic center line and four additional positions on the trunk of
Ice Stream D. Line corresponds to a flow-law exponent of —1.
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ever, given the coarseness of the radar-sounding flight-lines,
the position of the overdeepening’s center is not precisely
known (Fig. 1). Refinement of the basal topography will be
possible once a 5km spaced set of airborne radio-echo
sounding data is examined (personal communication from
D. D. Blankenship, 1996). The onset position defined above
also occurs downstream of the upstream limit of the more
noticeable flowstripes in the imagery. A recent theory of
flow-stripe formation requiring sliding to be far more signif-
icant than the internal deformation contribution to ice
motion suggests that sliding is significant upstream of the
onset (Gudmundsson and others, 1998).

ICE RHEOLOGY

Three different ice rheologies are included in Figure 5 using
published flow parameters (Paterson, 1980, 1994). The two
non-linear rheologies (n = 3) correspond to ice at 0° and
—2°C, while the linear rheology corresponds to a tempera-
ture of —~10°C. The temperatures represent effective column
temperatures, more indicative of temperatures in the deeper
ice where most deformation occurs.

Each rheological condition in Figure 5 assumes no basal
sliding, yet there is evidence basal temperatures are at the
pressure-melting point at Byrd (Whillans, 1983) and possi-
bly elsewhere within the grid area (Rose, 1979). Any sliding
contribution would reduce the correct velocity to be used in
Equation (3) and shift the data in Figure 5 to the left. The
scatter of data in Figure 5 probably represents spatially vari-
able sliding. Data along the kinematic center line lie farthest
to the right, suggesting that these data include the largest
amount of sliding. The cluster of data near the Byrd data
point all occur in the corner of the grid near Byrd station.
Thus, we infer that basal sliding is most prevalent in the
center of the bed channel as the ice stream develops.

Paterson (1980) states that several workers claim n = 11is
appropriate for stresses below 0.5 bar. The slope of the
center-line points in Figure 5 is roughly in agreement with
n = 1 for driving stresses of 0.7 bar. This observation sup-
ports the linear behavior which has been noticed in other
low-stress regimes (Budd, 1969; Doake and Wolff;, 1985). T. J.
Hughes (personal communication, 1997) has suggested that
the n = 1 region may be the result of relatively higher stresses
other than the basal shear stress, but our measurements show
that horizontal strain rates are small and that basal shear
stress is never a minor component over most of the grid.

At higher stresses, the slope of the center-line profile in
Figure 5 increases, eventually approaching n = 3. The fact
that these data fall within the temperature range 0° to —2°C
for a flow-law exponent of m = 3 only means that these
speeds are comparable to those expected of near-temperate
ice at these driving stresses. The likelihood of sliding, the
possibility that both fabric-enhanced flow and depth-vary-
ing flow parameters exist, makes it more probable that the
ice in the downstream part of the survey grid is colder
through most of the column and sliding at its base.

INDICATIONS OF EQUILIBRIUM AND NON-
EQUILIBRIUM CONDITIONS

A number of brief analyses are presented below on the issue
of whether the onset region is in equilibrium. The first deals
with mass continuity, the second with the flow direction ex-
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pected from the elevation field, the third with strain-rate
measurements repeated after 30 years, and the fourth with
flow stripes compared with the measured flow field.

Mass continuity

Mass continuity permits the calculation of rates of thickness
change from geometry and flow measurements. For any
given gridcell, the rate of thickness change within the cor-
responding three-dimensional column 1s

OH /ot = A — (divQ)/s, (5)

where A is the accumulation rate, 9 is the grid spacing, Q is
the volume flux across the vertical face of a column of width
0, and div is the horizontal divergence. Accumulation values
were taken from stake measurements (I year average), firn
cores collected at Byrd station (30 year average) and pub-
lished maps (Bentley and Giovinetto, 1991). The spatial gra-
dient of accumulation from our annual measurements
matched closely with published maps, and the firn measure-
ment matched the mapped values, so mapped values were
used in the application of Equation (5).

No distinctive pattern of thickness change resulted from
applying Equation (3), so the results are not shown here. The
uncertainty of the method estimated 1o is approximately
03ma .

Flow direction

Flow direction was compared with the larger-scale surface
topography. Three elevation datasets were analyzed: GPS-
surveyed elevations at a 5 km spacing; an elevation dataset
at a 10 km spacing derived primarily from satellite radar al-
timetry (Bamber, 1994); and a dataset at 2km resolution,
also derived from satellite radar altimetry, but using a dif-
ferent algorithm (unpublished information from M. Ste-
noien and C. R. Bentley). Although differences in specific
elevations were observed, gridded surface slopes were quite
similar. Averaging lengths of 20 and 40km were used
(roughly 10 and 20 times the ice thickness). In general, the
longer averaging length gave better agreement with the flow
direction.

Basal hydropotentials were also calculated from the
surface- and bed-elevation data. These potential surfaces
define the hydraulic gradient which determines the flow dir-

ection of basal water, if present (Anandakrishnan and Alley,
1997a). These gradients are determined predominantly by
the surface-elevation gradient and are only slightly modified
(by a factor roughly equal to 10%) by the bed-elevation gra-
dient. In some places the basal slope is large and would steer
basal water away from the direction of ice flow. The effect of
the bed channel is to capture water and concentrate it along
the central axis. This is also where the fastest flow occurs.
Overall, however, the 50 km spacing of the bed-elevation
data is coarse, leaving the significance of these hydropoten-
tials suspect on the 5km scale elsewhere in the region.
Analysis of this effect will be more appropriate when the
5km spaced grid of ice thicknesses is made available (per-
sonal communication from D. D. Blankenship, 1996).

BSSN

The downstream end of the BSSN was resurveyed as part of
this recent work. As reported in Chen and others (1998), and
mentioned earlier, the difference in velocity at Byrd station
is not considered significant. An additional reason for this
interpretation is that the present surface strain rates meas-
ured over the downstream part of the BSSN were nearly
identical with those measured in the initial survey 30 years
ago (Whillans, 1979).

Relict flow stripes

One observation that does not indicate equilibrium condi-
tions is the orientation of a set of flow stripes located at the
grid’s southeast corner (Fig. 7). These were not easily detected
in our imagery, but using lower-spatial-resolution images at a
different sun illumination angle, Hodge and Doppelhammer
(1996) observed and interpreted them as a likely onset area of
Ice Stream D. The different visual appearance of the two
images is the result of a stronger contrast enhancement
applied to the Hodge and Doppelhammer image to compen-
sate for its lower resolution. Our velocity measurements dis-
count the possibility that this area is an onset and indicate the
present flow direction runs obliquely to these flow stripes.
Because flow stripes can only form parallel to flow, there must
have been some change in the flow field. At the present flow
rate of 30ma ', it would have taken approximately
1000 years for these 30 km long stripes to form.

20 - (S

30 Yoy

~
KM

KM

Iug. 7. Composite of Landsat imagery in upstream area of survey grid and tracing of flow stripes from imagery superimposed on measured

velocities. ( Additional Landsat imagery provided by S. Hodge.)
100

https://doi.org/10.3189/172756500781833377 Published online by Cambridge University Press


https://doi.org/10.3189/172756500781833377

These flow stripes are slightly curved, and the deviation
angle between their long axis and current flow direction les-
sens downstream. Since the present flow speed is nearly uni-
form in this region, the inference is that the downstream
ends of the flow stripes have been under the influence of the
recent flow field longer than the upstream ends. Also, the
upstream ends occur where shear strain rates are unusually
large (Fig. 4), providing further evidence that this ice is ex-
periencing a changed flow pattern. We conjecture that the
flow stripes were generated when Ice Stream G was more
active, but either the recent stagnation of Ice Stream C or
an inland migration of Ice Stream D caused this change in
the flow pattern.

CONCLUSIONS

The procedure used to identify the onset of streaming flow
was successfully applied to Ice Stream D. Precise GPS-sur-
vey data were used to determine surface velocity. When
these were combined with published datasets of surface and
bed elevation, regions exhibiting laminar flow were distin-
guished from those obeying streaming flow. The onset
occurs downstream from the center of an overdeepening in
the channel occupied by the incipient ice stream, as well as
downstream from a kink in the velocity profile. It is unlikely
that velocity data, satellite imagery or bed- or surface-eleva-
tion maps alone would provide sufficient information to
locate this, or any other, onset area.

The direction taken by the accelerating ice follows the
dominant bed channel, and basal sliding occurs over much
of the surveyed grid. There is no strong indication of large
rates of thickness change within the grid, and the strain-rate
field upstream of Byrd station is stable over the past
30 years. However, there are flow stripes in the upstream
corner of the grid misaligned with present flow direction,
indicating a different flow direction once existed in that
region, lasting as long as 1000 years.
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