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ABSTRACT. An enhanced composite AVHRR image is used to map flow stripes and rifts across the
Ross Ice Shelf. The patterns of these flow-related features reveal a history of discharge variations from
the ice streams feeding the eastern part of the shelf. The most profound variations are visible in the
track of rifts downstream of Crary Ice Rise, flow stripe bends to the west of this ice rise and adjacent to
Steershead ice rise, and changes in the northern margin of ice stream B.

The track of rifts downstream of Crary Ice Rise indicate that the ice rise has existed for at least
700 years, or the time represented by ice downstream; the character of this track changes about 350 kn
downstream, indicating a rearrangement of flow patterns about 550 years ago. The large bulge in the
flow stripes to the west of Crary Ice Rise is shown in detail, with bent flow stripes extending for several
hundred kilometers along flow; this feature formed from the south, possibly due to a change in the
discharge of ice stream A.
The image documents a complex history associated with the shutdown of ice stream C, with changes in
the margins of ice stream C and the northern margin of B, and the grounding of Steershead ice rise with
an associated bending and truncation of flow stripes. Landsat imagery shows a region that appears tc
be actively extending just downstream of the ice rise, as the shelf continues to respond to recent change:
in ice-stream discharge.

We present a four stage flow history which accounts for the features preserved in the ice shelf.
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INTRODUCTION and Whillans, 1993; Ferrigno and others, 1994).

Detailed satellite-based studies on the Ross Ice
Ice sheets are known to change on many tig@elf have been limited to individual Landsat
scales. One area where significant changes ha¥enes by cost and by the lack of coverage south
been documented is West Antarctica, particulagy 82°. In this paper, we present an analysis of
the region where fast-moving ice streams drain théw patterns based on a new composite AVHRR
interior ice sheet into the Ross Ice Shelf (Alleimage, enhanced to show increases in subtle topo-
and Whillans, 1991). Recent studies in that argaphic features over the entire ice shelf. The com-
have revealed changes in both the flow speed gtehensive view afforded by this improved imag-
margin position of streams on a decadal time scal§ allows us to integrate earlier observations, in-
(Bindschadler and Vornberger, 1998; Echelmeygliding those by the Ross Ice Shelf Geophysical
and Harrison, 1999). Stagnant former ice streagitd Glaciological Survey (RIGGS) (Bentley, 1984;
have been identified, iIIustrating Changes in ﬂl.Robertson and Benﬂey’ 1984: Thomas and others,
and configuration of the ice streams on century tlrm984) field program and subsequent analyses of
scales (Shabtaie and Bentley, 1987). On millennigls data-set. Our analysis places this previous
time scales, the West Antarctic Ice Sheet has ygork in the context of additional morphological
treated significantly, losing up to 2/3 of its masgyidence. Using this additional evidence, we

over the 12,000 years since the end of the Lagésent a scenario for the evolution of ice-stream
Glacial Maximum (LGM) (Bindschadler, 1998af|ow into the Ross Ice Shelf.

Hughes1998).

The retreat from the LGM in this area may be COMPOSITE IMAGE OF THE
ongoing, although measuring its rate over the short ROSS ICE SHELF
period of historical record is difficult. Evidencerigure 1 shows the entire 525.000%Ross Ice
that ice-stream discharge patterns from the ice shegélf in a data-cumulated AVHRR image compos-
are rapidly varying further complicate this taskte. Data cumulation is a processing technique
However, knowledge of the record of change ovghich combines multiple images of the same area,
longer time scales would improve our understangach having similar imaging and illumination ge-
ing of the present and possible future behavior®hetry, using accurate subpixel-scale
the ice sheet. coregistration (see Scambos and others, 1999). The

One useful method for recognizing changes k@sulting composite image has enhance_d gpati_al and
the flow pattern of ice sheets has been the integdiometric resoluti_on. The need_ for similar illu-
pretation of flow-related features in satellite infllination and imaging geometry in each compo-
agery of the ice sheets (a review appears Nt scene mandates that the image series be ac-
Bindschadler, 1998b). This type of interpretatiditired from near-repeat orbits over a period of a
is perhaps even more effective over ice shelvé&V weeks. For this composite, 15 images from
where most flow-related features are passivdNpvember and December of 1992 were selected
advected by the floating icéduch of the original N the bas_is of their h_our_of acquisition (_constraln-
large-area image interpretation showing the spad Sun azimuth and viewing geometry), image data
tial extent of the ice streams in West Antarctic@lity, and percent clear-sky coverage. Asynthe-
was based on moderate-resolution imagery c8ed ‘channel’ consisting of the first principal com-
lected by the Advanced Very High Resolution ROnent of channels 1 and 2 (550nm - 900nm and
diometer (AVHRR) from NOAA polar-orbiting 730nm -1100nm, respectively) was used in the
weather satellites. (Bindschadler and VornbergéPMpositing. This reduces noise, adds radiomet-
1990). Detailed analysis drew more heavily dif Sensitivity, minimizes the effect of grain-size
higher resolution imagers such as Landsat ay@fiations, and provides the commonly-varying
SPOT (Scambos and Bindschadler, 1991; Med{gnal in the two channels correlated to surface



slope (Orheim and Lucchitta, 1988). Appendix Areds of kilometers long, formed in outlet glaciers
contains additional details of the processing aadd ice streams. Merry and Whillans (1993) use
final image characteristics. the term “flow traces” for these features and pro-
The final composite has approximately a fagide an example of the generation of a trace near
tor of two improvement in spatial resolution andthe head of ice stream B. Crabtree and Doake
nearly four-fold improvement in radiometry ove(1980) term these features “lineations”, one of two
individual scenes. It reveals a number of featurgpes of features which are likely parallel to cur-
not previously identified in earlier imagery. Theent flow and thus represent flow lines on the
solar illumination direction (azimuth) for the mairkilchner-Ronne Ice Shelf system. Ferrigno and
composite was chosen to match that of masthers (1994) use the term “flow bands” in their
Landsat TM imagery of the shelf foriscussion of Landsat imagery of the ice streams
intercomparison. However, features parallel to tlewing into the Ross Ice Shelf. Dowdeswell and
solar azimuth (to the lower right in Figure 1) ar®lcintyre (1987) identify “apparent flow lines” of
subdued relative to their appearance in sun-crogaknown origin in a Landsat image of Byrd Gla-
ing images. A second composite, consisting of ti@ér. Cassasa and Turner (1991) use the term “flow
images from the same period with a more souttripes” for features in AVHRR imagery of the Ross
erly solar azimuth, was used for the area bounded Shelf. Hambrey and Dowdeswell (1994) use
by Crary Ice Rise, Steershead Ice Rise, and tbe term “foliation” because the features appear to
Stream C (see Figure 7) to alleviate this probldme the surface expression of a three dimensional

and enhance additional features. structure observed on the ground on another ice

shelf. These investigators point out that the struc-

DESCRIPTION OF INTERPRETED ture may be rotated relative to the current ice flow
FEATURES direction. In this paper, we will use the term “flow

Many of the features in Figure 1 can be used in thieipe” because it emphasizes the fact that these
interpretation of flow history. Similar interpretafeatures serve as flow indicators from a localized
tions have been applied to satellite imagery of iseurce, without implying a specific origin, a rela-
streams and ice shelves (see, for example, Crabtreeship to the modern ice flow field, or a tie to
and Doake, 1980; Ferrigno and others, 1994nknown internal structure in the ice.
Hambrey and Dowdeswell, 1994); each of these Various generation mechanisms have been pos-
works has used slightly different terminology whetulated for flow stripes, in general related to local-
describing these features. Figure 2 summarizesd high shear strain rates in ice streams near their
the features we use in our interpretation, as well@sset areas and around ‘sticky spots’ (e.g.,
the flow field as measured during the RIGGS pr&udmundsson, 1996; Merry and Whillans, 1993).
gram (Thomas and others, 1984). The mappEdeir persistence on the ice shelf can be explained
features are manifest in the surface relief of the iog low transverse spreading rates and the exist-
shelf, identifiable by their pattern and morphoknce of matching basal topography with larger
ogy, and by upstream tracing to areas of ongoiagplitude (Casassa and Whillans, 1994). In a
formation. They include flow stripes, crevasse steady state system, flow stripes would be aligned
rift sets formerly associated with grounded ice, amdth the flow field throughout the ice shelf, and
ice stream margin “scars”, seen as faint streaksloérefore parallel to present-day flow lines. Tem-
rougher surface on the shelf that connect upflgweral variation in flow direction results in flow
to existing or former shear margins. Interpretatigtripes that cross the flow field. Once misaligned,
use of each type of feature depends on the flflaw stripes can experience progressive rotation.
processes responsible for its generation. Figure 2a shows flow stripes on the Ross Ice Shelf
Flow stripes are surface topographic ridges ilentified in the data-cumulated AVHRR image.
troughs with few-meter-scale relief, hundreds &luch of the flow interpretation throughout this
meters to a few kilometers wide and tens to huymaper is based on their structure. We note that at



present, the flow stripes are nearly parallel to floMvHRR image, the two rifts that are closest to the
at the grounding line (or just upstream of it). Wee front (R and R’ in Figure 2c) have extended
will assume this to be the case in the past as walid intersected. The ice front immediately to the
although the situation may have been more comest of Roosevelt Island (RI) is likely to be the
plex for ice streams A and B, as discussed latessource of the next large iceberg from this area. In
The pattern of crevasses and rifts in the iseveral instances, sets of these ice-front-parallel
shelf, as identified in the imagery (Figure 2b), witifts have ends that are aligned along flow. These
also be used for flow interpretation. The distinsets end at a flow stripe or flow related boundary
tion between crevasses and rifts we use is ondladt seems to limit their propagation — possibly
scale — rifts are large enough to penetrate the baeause the bounding feature is composed of softer
tire shelf thickness. We determine this distinctiaoe that does not allow for crack propagation.
on the basis of comparison with known rifts, such Mottling and large irregular patches on the ice
as near Crary Ice Rise. The resolution of tlsarface mark variations in reflectivity due to snow
AVHRR image is such that most of the identifiwetness or surface frost (for example, across the
able individual crevasses in the ice shelf are rifigoper left part of the shelf in Figure 1). These are
These large features are most often formed at righainsient weather-related features that are not per-
angles to the ice flow direction, where ice movément to flow evolution.
past a grounded region. As with flow stripes, cre-
vasses and rifts rotate when their orientation is lBBROVENANCE OF THE ROSS ICE SHELF
aligned with the direction of shear in the flow fieldThe ice stream or glacier which was the source for
Their downstream evolution provides clues to tleach portion of the Ross Ice Shelf can, in most
flow field experienced by the crevasse or rift seases, be determined by tracing the trajectories of
guence. If the stress-state changes, crevasse letiggimargins of each input across the ice shelf. This
or orientation can change, or formation can stdetermination is guided primarily by flow stripes
altogether. and the downstream record of shear margins. Fig-
Another source of crevasses on the ice shefte 2c maps the separate provenances of the Ross
are the downstream trajectories of ice-stream mhbre Shelf determined in this manner.
gins (Figure 2b). These trajectories are formed by The western third of the ice shelf is fed by East
densely spaced crevasses that are not individudiytarctic ice entering through the Transantarctic
resolvable in the AVHRR image. They are likeliYlountains, while the eastern two-thirds of the ice
to be buried, but still appear as lines of increassigelf is fed by West Antarctic ice entering through
surface roughness. Their initial identification wase streams A-E. Despite clear evidence of sev-
made by tracing these patterns of surface roughal changes in flux and configuration in the pan-
ness to active margins in grounded ice usimgs of Figure 2, all of the ice in the West Antarctic
Landsat imagery (see Ferrigno and others, 199@drtion of the shelf can be linked to existing ice
A separate class of rifts is mapped in Figusgreams, with one exception between the B and C
2c, along with ice provenance boundaries that wgllovenance regions (labeled “??” in Figure 2c). The
be discussed in the next section. These rifts @ssible sources of the ice within this area are dis-
formed in longitudinal tension parallel to the icezussed in a later section. Note also that the prov-
shelf front, possibly by a combination of tidal flexenance boundary for ice stream B begins not at its
ure and increasing longitudinal tension as the icarrent shear margin but along a faint trace on the
front is approached. They lengthen with time arstbw-moving ice of ridge B/C which represents a
determine likely sites of iceberg formation as thgreviously unidentified former margin.
ice moves nearer the shelf front. The long rifts Provenance provides a convenient basis for the
near the ice front in the eastern Ross Ice Shei$cussion of flow history. Flow stripe structure
formed after 1983and have been observed tand crevasse evolution within the ice from one
lengthen in more recent satellite imagery. In a 1988eam records the history of flow within that ice



stream and within the shelfward extension of théihe overwhelming majority of rifts also occur in
ice, whereas a misalignment of a provenanttee ice discharged from these three ice streams
boundary with current flow direction indicates éigure 2b). In the detailed analysis to follow, the
shift in the relative discharges of adjacent streamsillennial-scale stability of the western shelf is
Figure 2d shows flow lines determined frodemonstrated, while over this same period, ice
the velocity field measured by RIGGS, and marktreams A, B and C have displayed major flow
ers that represent 100-year motions along theseiability.
flow lines (calculated from an arbitrary line drawn
transverse to flow near the ice front and propa- FLOW HISTORY OF
gated upstream). In general, the provenance bound- EAST ANTARCTIC GLACIERS
aries align with RIGGS flow lines, suggesting aBarlier investigations showed that “flow lines”
absence of dramatic changes in relative ice de®nnecting reflection features correlated between
charge from East and West Antarctica (Bentley antbss-flow radar profiles had similar trajectories
others, 1979), but detailed analyses of individu@ RIGGS-calculated flow lines for ice originating
discharge units indicates that radical changes beEast Antarctica (Bentley and others, 1979; Neal,
tween several neighboring West Antarctic icE79; Jezek, 1984). These investigators concluded
streams are recorded. that ice discharge from the large glaciers flowing
We use the 100-year markers to estimate ttieough the Transantarctic Mountains had been
time it would take for the ice to traverse any speaenstant. A comparison of the flow stripes in the
fied distance along the shelf. This is an approxiata cumulated AVHRR image with the RIGGS
mation, and the assumption strictly holds only ifow lines (Figure 3) leads to the same conclusion.
the ice shelf has been in equilibrium throughotihe correspondence between the measured flow
its recorded history. While this paper shows thiatld and the flow stripes suggests that this part of
this has not been the case everywhere, the RIGEBS ice shelf has maintained a near-equilibrium
velocity field is used judiciously for estimating theondition for at least the last millennium. The close
timing of changes in flow patterns. In the RIGG&greement is present in most areas; however the
flow field, the time required for a particle to travedtripes in the southeastern part of the figure show
from the present-day grounding line to the calviigss curvature than the flow lines in this region.
front ranges from 500 years in the easternmdsiis is likely a real effect, representing a response
corner of the ice shelf near Roosevelt Island to 13@0changes in ice flow to the east.
years at the southernmost edge of the ice shelf
where ice streams A and B enter. The visualization

of the flow field in Figure 2d is also useful for de- FLOW HISTORY OF
scribing the current strain rates experienced by the ICE STREAMS D AND E
ice. In Figure 1, the area around Roosevelt Island has

The characterization of features representedit® appearance of a part of the ice shelf with a
Figure 2 gives an immediate return in interpretirfdmple, steady flow history. A closer look at the
the flow history recorded on the ice shelf, and deffoW stripe patterns shows indications of variation.
onstrates the effectiveness of the data-cumulafdgiure 4 shows a discordance between the flow
image in providing this perspective. Flow stripesifipes and RIGGS flow lines that is greatest in the
(Figure 2a) are more continuous on the westetfga southwest of the island. Here the flow stripes
side of the ice shelf, i.e. that portion fed by Eagfd flow lines diverge by as much as 20 degrees
Antarctic glaciers descending through th@éhe area labeled Ain Figure 4). Between this point
Transantarctic Mountains. By contrast, the eadfd the island there is a small grounded area, shown
ern shelf, fed by West Antarctic ice streams, cofs & dashed thick line in the figure. The flow stripes
tains discontinuous and distorted flow stripes, pdlear the grounded area are distorted by flow around
ticularly in the area fed by ice streams A, B and &. the downstream extent of this disturbance is



short, implying that this area grounded recentlystream of the ice rise. Along the western track, the
We cannot directly compare the flow stripesiore recent pattern consists of large rifts forming
around this feature with the RIGGS flow lines that the lee of Crary Ice Rise which are progressively
are in the figure, because the scale of the featureoated counterclockwise. The observed degree of
small relative to the distance between the RIGG&ation is much larger than, and opposite in sense
stations where velocity was measured. In addd, the rotation which would form in the present
tion, measured RIGGS velocities are sparse in tHmw field, as illustrated by the pattern of 100-year
area. At other RIGGS stations, velocities wenearkers in the figure. The older downstream por-
interpolated from the measured station strain rates of this track has a different character, with more
(Thomas and others, 1984). Figure 4 distinguish&gdued surface expression of infrequent large rifts
RIGGS stations of each type. In areas where tii¢ated nearly parallel to the direction of flow.
gaps between measured velocities are just onelbere is only a single intermediate rift at the tran-
two stations, and the strain rates vary smoothgjtion (80 S 180 W), indicating this change in
this interpolation should be accurate. The area lokaracter occurred rapidly.
tween Steershead and Roosevelt Island is a site W|thThe eastern rift track can be traced back to the

SF';Ir grégstillsco?tmwtles ;nbflo_vvt speetd.d Her? tl:"reegion east of Crary Ice Rise. The pattern of rifts
ow fines must be interpreted careiullyy oq5 regular than in the adjacent western rift track,

and can only be used for comparisons to fl t shows similar amounts of rotation. The east-

stripes_ close to _the RIGGS sites which have ME3 track also changes character 300 km down-
sured ice velocities, such as the previously-mefyo o, from Crary Ice Rise. At this point, the rifts
tioned area A. The difference between flow I'n%secome much longer and then transform down-
and flow stripes ‘T‘ this area suggests th_at the & feam to a more diffuse pattern that nearly disap-
_hatshbegun si)reaq[llng westward into the middle S'}? ars at the ice-shelf front. When viewed in detail
n Tehrecen pa;_%f_ It ists to th ¢ in Landsat imagery, this final pattern appears very
R € Ttalmle dl 'C# y Ie:?us S 40 h N ea:js_ Uimilar to the track of an ice-stream margin hav-
O0SEvell Island, where Figure = Shows 'Sc%'g entered the ice shelf -a texture seen most clearly

da_nce between the RIGGS ﬂOV.V Iine_s an_d ﬂOYH Landsat imagery of the floating margin of ice
stripes, but only one RIGGS site with d'reCtI¥tream D

measured velocity is available. The limited data _ _
from the RIGGS flow field can not be used to de- Both rift tracks are oriented at an angle to the

finitively identify a change in ice flow in this areaRIGGS flow lines. Jezek (1984) reported a simi-
lar observation from the trajectories of debris tracks

FLOW HISTORY OF detected with airborne radar soundings. We be-
ICE STREAMS AAND B lieve the rift tracks correspond to the debris tracks

Two ice-shelf features figure prominently in thBe was mapping.

flow record of ice streamsA and B - the paired An additional observation relevant to the in-
tracks of rifts downstream of Crary Ice Rise arfgrpretation of the flow history is the occurrence
the large, bowed flow stripe pattern west of the i€ @ prominent sequence of rifts eastward of the
rise. Each of these has been reported and intfin rift tracks (8% S 173 W). This sequence is
preted earlier (Jezek, 1984; Casassa and Turfgre oblique to the RIGGS flow lines and joins
1991). We present a linked hypothesis for the fldf§e eastern rift track at the location where the
history responsible for their formation. changes in the twin tracks occur (see Figure 2b).

Fi 5 sh | tof the t What makes this track intriguing is that although
Igure 5 shows an eniargement ot tn€ tWo Pafiy iss are not always visible, the upstream ex-

allel rift tracks downstream of Crary Ice R'Se(ension of this sequence appears to meet the south-

There are four distinct patterns to the rifting, tW&rn margin of ice stream C

along each track with a change in the pattern on
each side occurring approximately 300 km down-



The continuous nature of the tracks, from Craaround the eastern side of Crary Ice Rise, C’'s mar-
Ice Rise to the ice-front, indicates that the ice risgin would have moved farther eastward. The rota-
or some ancestral manifestation of it, has infltion of the rifts in the western track suggest that
enced ice flow over the entire time period recordéddw west of the ice rise was still slower than on
by the ice shelf downstream. The changes in tiie east side. In addition, the misalignment of the
rift tracks record a radical change in flow. Applytwin rift tracks with modern RIGGS flow lines
ing the RIGGS flow field as a rough chronometesupports the hypothesis that, during this period,
the flow time from the ice rise to the ice front ilow east of Crary Ice Rise was more vigorous rela-
roughly 700 years, with the radical change in flotwe to the flow west of the ice rise, when com-
occurring about 550 years ago. pared with the present day.

Our mterpretqtlon Of. the flow situation prior The second prominent feature in the A/B flow
to 550 years ago is that ice streams A and B, or

ice f h . drained by th @%he large bowed pattern, or bulge, in the flow
Ice irom the regions now drained by these | ?ripes west of Crary Ice Rise (Figure 6). This

streams, flowed west of Crary Ice Rise and th@ﬁlge has been previously described as a *loop” in

Ice stream C suppl!ed the |ce_eas_t O.f the ast ow stripes, interpreted to have been caused
rift track. The rotation of the rifts indicates thab

¢ ) . C q dlv th @/incorporation of a portion of the ridge between
oratime, ice stream - lowed more rapidly thgfly syreams A and B into the ice shelf (Casassa and
B. The “shear-margin like” character of the dowq:

A d of th tern track s that rner, 1991) and, in a later interpretation, to rep-
stream end ot the eastern track suggests hat A&t an increase in discharge of ice stream Arela-

grounding line for ice stream C may have be?ﬂ/e to ice stream B at least 1000 years ago
located farther downstream, adjacent to the ice ri?@as assa, 1993)

at this time.
The data-cumulated AVHRR image compos-

£ used here reveals new detail for this feature.
d show little distortion. This ice d tai fie interior of the bulge contains flow stripes, and
and show [ittie distortion. 1NIS Ic€ does contaifq, yistyrpance represented by the bulge extends

extremely large rits parallel to the ice front (Figfar downstream and upstream. These characteris-

ure 2c¢). We attribute the formation of these rifts {R:S constrain its origin and make the hypothesis
recent stresses related to the proximity of the igga ridge-ice origin unlikely

front, because the ends of these rifts are not ro-

tated in the same manner as the rifts in the westernThere are a number of other characteristics of
track. the bulge flow stripes which are now visible. To

Estimat f the ti . di - the west of the bulge, flow stripes are undisturbed.
stimates ot the time since grounding o hﬁﬂs requires that the event forming the bulge oc-

ice rise based on vertical temperature profiles Sug;; upstream of the point that the undisturbed ice
gest basal freezing began about 580 years aga

the east side (site S in Figure 5), while the ice eftkrs the ice shelf; i.e. upstream of about°160
’ st longitude (see Figure. 1Another important
the west had been grounded for as long as 1]\é§§ gitude ( igure. 1\ Imp

years (site D in Figure 5) (Bindschadler and ot ture is that the flow stripes at the downstream
. ; nd of the bulge (82S 175 E) turn sharply, sug-
ers, 1990). More extensive grounding of Crar ulge ( ) P SUg

) o : . esting that the event was sudden and incident from
_Ice Rise appears o coincide with the major cha 2 south. Finally, flow stripes upstream of the
in flow as e_wdenced by the_ changes in t.he ' hlge are observed to persist at high angles to the
tracks. We interpret the dominant change in flo

) - _ esent flow direction. Also relevant is the fact
which occurred at this time to be a sustained egst: he downstream boundary of the bulge coin-

ward migration of t_he s_outhern-most margin of IS des with a steep gradient in ice thickness and that
stream C. The widening of Crary Ice Rise magg?
t

: . Is plug of thicker ice continues upstream to ice
have been pr(_)duced_ by this change in flow. As eams A and B (Albert and Bentley, 1984).
northern portion of ice stream B began to flow

Flow stripes in the ice-stream-B ice adjace
to the Crary track and near the ice front are su



We suggest that the bulge was formed bysanultaneous with the events responsible for the
massive influx of ice from the vicinity of ice streanchanges seen in the rift tracks. Forcing a portion
A. The event is marked by the sharp bend in tbeice stream B to the east of the ice-rise area would
flow stripes noted above, but its effect was sufirave led to the lateral migration of the southern
cient to affect flow stripes 100 km downstreanmargin of ice stream C. In a later section, the
The downstream ice must have been floating, mossible influence of these connected events on the
only slightly grounded, in order to have been iflow of ice stream C is discussed.
fluenced over such a great distance. The influx of
ice may have been sufficient to have caused the
grounding of, or to have more firmly grounded, EVOLUTION OF THE B/C

the ice within the bulge. CONFLUENCE
Figure 7 provides a detailed look at the signature

. WPT believe this event was responsible for_t%‘?the near-grounding-line interaction between ice
W|de_n|ng of th? grounded part O.f Crary lce RISgtreams B and C. Itis possible to follow the last
Our interpretation of the flow St”p‘?s both downa'lctive southern shear margin of ice stream C onto
stream and upstream of the bulge is that they Fahs ice shelf, where it joins the track of an old north-

resent a c_ontlnu_atlon of the set of bowed ﬂ_O}Q’rn shear margin of ice stream B. The joined mar-
stripes which define the bulge, but that the strip s continue down-flow for several hundred ki-

farthest from the influx event (at the “top™ of th ometers across the ice shelf, unbroken in spite of
bulge) were truncated as the ice flowed around b(ﬂtl fact that neither of the shear margins are cur-

sides of Crary Ice Rise. Aconsequence of this Vé’ntly active. The ice stream C margin is inactive

terpretation is that Ridge B/C could not at this tinBeecause of the shutdown of the ice stream (dis-
have been connected to Crary Ice Rise (as a ﬂ8\lﬁvssed below), while the ice stream B margin is
boundary between ice streams B and C) beca ’

Hefctive because of a recent shift in margin posi-
the flow stripes at the “top” of the bulge wer WV " I gin posi

flon to the west.
pushed northward of where the extended ridg(e):rl 0 the we

would have had to exist. The imagery appears to indicate that the north-
rn margin of B is still in the process of establish-

One poorly reconciled observation s the be”aﬁ itself at its new location. Note that ridge B/C,

ing of flow strip(_es upstream O.f the buige. Thg MQFhich was bounded by two ice streams, has as a
upstream of this set are d_n‘flcult to resolve in th(?ownstream record the trace of shear margins,
A.VHRR Image, but SF.,OT Imagery shows that_ t}.thher than a record of rifts like those that form the
dlstor_ted _set Is overprinted by a set_ of flow St“_p%f:‘rary Ice Rise tracks. However, as the new mar-
(form INg In the weak_ly grounc_ied ice of the "\:qﬁin of B establishes itself, several large rifts have
p"?"”) which are aligned with present flo ormed. It appears that the shearing that is accom-
(Bindschadler, 1993). modated in an active shear margin as it is carried
To estimate of the timing of the bulge formasut on to the shelf prevents the process of rifting
tion, we apply the RIGGS velocities to the distantieat flow past the end of a stationary object would
between the present bulge position and the entraatieerwise cause. This may be due to the presence
of ice stream A into the ice shelf (essentially thad softer (warmer and highly sheared) ice in the
position across flow from the gap between ridgsstablished shear margins, and the lack of soft ice
B/C and Crary Ice Rise). Ages in the range 50@here the new margin is forming.
600years ago result, but dating is uncertain in this
region due to the large changes in flow that have
occurred on both century and decadal time scalesTHE SHUTDOWN OF ICE STREAM C
It is unlikely this event occurred more recently, @snother profound disturbance in the flow patterns
it would have had an effect on the rift tracks formef the ice streams in the last few hundred years
by Crary Ice Rise. We believe that this event whas been the shutdown of ice stream C. The shut-



down was originally recognized from buried crdines truncated into the southern side of Steershead
vasses along the downstream portion of the southplies that at one time the ice comprising the ice
ern margin. Burial depths indicated that this maise must have been part of the outflow of C. The
gin ceased rapid shearing 2% years prior to relatively recent origin (grounding) of Steershead
the depth measurement (about 140 years ago ais @upported by the observation that the crevasse
this writing; see Retzlaff and Bentley, 1993et associated with the feature is relatively short,
Shabtaie and Bentley, 1987; Bentley and otheas, noted by Jezek (1984), and confirmed by this
1985). However, recent satellite imagery and adiagery. The northern limit of the track visible in
ditional field work has shown that the northerthe image is about 350 years downstream of
margin of ice stream C has had several incari&eershead in the RIGGS flow field, and is about
tions, shifting position by 30 to 40 km to the south km west of the edge of ice from ice stream D,
during a series of events leading to the final shuntdicating that the ice rise is contained within ice
down (Jacobel and others, 2000). A crude timitigat flowed out of ice stream C. For most of its
of this shift is available from flow modelling oflength, the track downstream of Steershead is com-
the south flank of Siple Dome, indicating that fpjosed of faint, short crevasses. Only within the
occurred between 300 and 500 years ago (Jacohekt recently formed 25 km of this track do the
and others, 2000), although it is likely that therevasses have an appearance similar to the rifts
changes have been small (c.f. Nereson and othersgither side of Crary ice rise. We suggest that
1998). Elevation differences between an earli8teershead ice rise was an ice rumple area (i.e.,
stranded section and the last active portion ofgfounded but not stagnant) in the past, and became
and measured accumulation rates for the asgagnant only recently. The grounding of
(Bindschadler and others, 1988) are consistent wadteershead ice rise may have been the result of
this timing. The shutdown of ice stream C mapickening initiated when ice stream B ice was
have been protracted, with the recent terminatitorced around the east side of Crary Ice Rise. The
of shearing along the southern margin only the fritial grounding may thus have followed the for-
nal act. mation of the bulge, but predated the final shut-

In Figures 7 and 8 we examine additional ir‘tj-Oer of ice stream C.

formation recorded on the Ross Ice Shelf regard- From model results, MacAyeal (1989) found
ing the shutdown of ice stream C. Three groupstbat ice thickness changes related to a shutdown
features are relevant. A group of flow stripes lead ice stream C would be confined within a few
from the grounding line to Steershead ice rise ahdndred kilometers of the grounding line. Because
terminate there; these show a progressively-imi-the grounding of Steershead at about the start of
creasing bend to the right, with the greatest atbe shutdown, much of the thinning appears to have
involving the southwestern stripes. Just dowhbeen displaced downstream. Figure 8a is a por-
stream from this area, the few remaining flowwon of a Landsat Thematic Mapper image of the
stripes not truncated into Steershead splay out oas¥a downstream of Steershead ice rise and the flow
a broad area containing numerous crevasses vgittipe loop attached to it. The image shows, at
various orientations. Farthest downstream, a mobetter resolution than the AVHRR composite, com-
organized wedge-shaped pattern of larger rifts qaex crevasse sets with many different orientations.
curs, oriented transverse to flow, and decreasinlis pattern, and the splaying of flow stripes men-
in length as one proceeds downstream. tioned above, suggests that this area is actively

The RIGGS project estimated that ice in th%xtending both along and across flow. Ice thick-

. in this area is tens of meters less than on ei-
Steershead feature was not moving, and a m S |_n
g r side (Bentley and others, 1979; Bamber and

recent view based on radar altimetry (Bamber a fev. 1994
Bentley, 1994) strongly suggests that this featd?gn €Y )-
is firmly grounded at present. The presence of flow



In addition to the recent thinning, Figure 8dramatic changes in speed. Ice stream C'’s stagna-
shows a series of larger rifts oriented transversditin has already been discussed. More recently, a
flow just downstream of the actively extendin§0% deceleration of ice upstream of Crary Ice Rise
area. Attheir downstream limit, these rifts are relaver 25 years has been inferred (Bindschadler and
tively short, just a few kilometers long, but theivornberger, 1998). If these faster speeds were
length increases upstream to 50 km near the anedespread, ages of events estimated using the
of active extension. Within this zone, the few floRIGGS flow field would be too old.
stripes that may be traced are oriented parallel to

the D fl i like th i th ivel Some debate remains on whether ice stream
€ D Tiow stripes, unlike those In the aclively €xs.g grounding line is advancing with substantial
tending region. Extension in this area was I|ke¥

. o L _|€e-shelf thickening or retreating since the early
just downstream of, and coincident in ime With, o 3\ rements of the ice shelf made in 1958-9 dur-
the formation of, Steershead ice rise and the flq

e | The f ¢ ) h Wg the International Geophysical Year
stripe loop. € form o exten_5|on may NavVBindschadler, 1993; Hubinger and others, 1992).
changed from these transverse rifts to the cha

: £ th ivel tendi 1€ cha¥&ta-cumulated AVHRR imagery has sufficient
crci_vassmg Ot' € actively ex e(;] tl_ng refg;ﬁn, 'rr‘] esolution to show the grounding-line position, so
cating a confinuing accommodation ot the S l‘ﬂiture monitoring is possible to settle the debate.

down. What is not disputed is that this area continues to
evolve rapidly. On the ice streams, speed, width
CONTINUED EVOLUTION OF WEST and thickness have all been observed to be chang-

ANTARCTIC ICE STREAMS ing, ensuring that the variability recorded in the
Measurements on the ice shelf during the last haetfmposite AVHRR image is ongoing.
of the 20" century confirm that flow variability is
continuing. Where mass balance has been deter-
mined, imbalance is common. The largest imbal- ICE OF UNCERTAIN ORIGIN
ances reported on the ice shelf are in the vicinfyp noted in a previous section, there is a region of
of Crary Ice Rise (Bindschadler and others, 1998€ near the ice front that is of uncertain provenance
Bindschadler and others, 1989). Downstream 6??" in Figure 2c). We present two scenarios for
the ice rise, the pattern of rift formation appears e possible origin of that ice. Two aspects of the
have undergone a transformation in the past féWrface character bear on the origin of this area -
decades. The most recent rifts extend uninterruptB@ bounding shear and rift traces, and the orienta-
across the area previously forming the two rifion of the flow stripes within it. As noted in the
tracks discussed above (Bindschadler afdary rifttracks discussion, the eastern track shows
\ornberger, 1998). a distinct change in character along its length. Near

the ice front, the eastern track appears to have

Ic_e strear?_s B anddC cqztlr(;utehto cha;lnge. "?ojmed as a shear margin; upstream the rifts ap-
previous section we described the contiuence oy 14 have formed due to flow past an ice rise.

ice streams B and C as a junction that is conti ow stripe orientation within the “??" section

ous with the features downstream on the ice shelf, « \\W-SE  at about 20 degrees to the margin

In spite Of. the _fact that both Sheaf margins We8 ces and flow stripes on either side. The pres-
presently inactive. The present active margin Ofé?hce of this ice at the ice front indicates that

is west of this older margin, and is actively mo‘f:'hanges in ice discharge patterns were occurring

ing back to the north in the most recent analys%arly one thousand years ago, when this ice would

which shows that the active margin h_as MOVEAve been near the present location of the ground-
northward 4 km and that the western tip of rldqﬁg line

BB/.th?]S dclerodeddvl4bkm OKZEJSthIS period In one possible scenario, the “??” ice is derived
(Bindschadler and Vornberger, )- from an earlier, wider incarnation of ice stream C
Accompanying the shifts in margin position ar@hose outflow channel extended from the north



side of Crary ice rise to the south flank of Siplend satellite work allows for interpretation of the
Dome. At this time (prior to ~700 years BP in thigow history of the ice streams and ice shelf. Four
RIGGS field) no ice stream B ice crossed the limeajor events can explain the majority of the ob-
linking Crary ice rise to ridge B/C. The more soutlservations made in this paper, as well as provide a
westward flow of ice stream C ice in this earliegiossible mechanism for generation of the features
proposed picture is preserved in the present-daythe “?7?” ice.
trend of flow stripes in the “?7?” section. As illustrated in Figure 9, the major events in
At about 700 years BP, a northward margthis scenario are:
shift of ice stream C isolated a section of the ick, A hypothesized jump in the position of the
and the new southern margin passed this ice to thesouthern margin of ice stream C to the north,
north. The older, more-southerly margin position separating it from an early Crary Ice Rise prior
may be preserved as a slope break along the northto 700 years BP. This jump stranded the “un-
western side of ridge B/C, south of the more re- known” ice upstream of Crary Ice Rise.
cent, known southern margin of C. 2. A pulse of increased ice outflow from the ice
At approximately 550 years BP, a significant, stream A and B system which pushed ice north-
abrupt increase in flux from either the southern ward around the east side of Crary ice rise about
portion of ice stream B or the entirety of ice stream 550 years BP. This pulse displaced the “?7?”
A distorted flow stripes at or near the grounding ice, which was either pushed across the ground-
line of present-day ice stream A. We believe that ing line, or had thinned enough to float.
this flux increase prompted a major reorganizati@ A southward shift in the northern margin of
of flow around Crary, causing the previously-stag- ice stream C, and a commensurate decline in
nant ice from C to begin to flow northward, and flux beginning in the northern portion of the C
initiating flow of northern B ice to the north side outflow about 350 years BP. This event may
of Crary Ice Rise. This also marks a change in the correspond to the beginning of grounding at
nature of deformation around the northern side of Steershead; the initial grounding may have
the ice rise, from one similar to a grounded shear been the result of thickening caused by event
margin to the present-day pattern of larger trans- #2.
verse rifts. This produces the change in the chdr- A final cessation of the rapid flow of ice stream
acter of the eastern rift track. C about 140 years ago, with associated effects
The alternative to this scenario is to attribute still propagating across the central ice shelf.
the “??” ice to ice stream B. This allows the prov-
enance boundaries from each section in Figure 2a
to be more or Ie_ss parallel, representing nearly CQRtions about the Ross Ice Shelf may be ex-
stant relatlvc_e dlscharge fI_uxes from _each Streaﬁhcted from this imagery:
However, this scenario fails to explain the appar-
ent shear margin on the western side of the “?k Flow stripe deviation from the RIGGS flow
ice, the orientation of the flow stripes within that field to the southwest of Roosevelt Island,
ice, and the extensive rifting in the eastern track due to a recently grounded region.

In addition to this flow history, new obser-

these observed features. boundary separating ice derived from ice
streams B and C does not coincide with the
CONCLUSIONS currently-active northern margin of B, im-

We have presented a complex set of flow-related p|ying that the current margin is very
visible on the shelf’s surface, with earlier surface



ern margin of B for an extended period of
time.

A very short downstream track of large
open rifts which indicate a recent stagna-
tion of Steershead ice rise.

Bending of flow stripes from the ground-
ing line of C into a loop which truncates
against the southwest boundary of
Steershead ice rise.

A shift of much of the active extension from
the shutdown of ice stream C to down-
stream of Steershead ice rise, rather than
near the grounding line of the ice stream.

A change in the twin rift tracks downstream
of Crary Ice Rise. Over the northernmost
(oldest) third, the eastern track exhibits fea-
tures more like a shear margin (fainter,
shorter crevasses at several oblique orien-
tations), while the rest is characterized by
large rifts oriented across flow. These rift
tracks extend to the ice front, indicating that
the ice rise has existed throughout the
record preserved by the shelf.

Details about the large bulge in the flow
stripes northwest of Crary, which is
bounded on the west by flow stripes that
are undisturbed. To the east, and for an
extended distance both upstream and
downstream of the bulge center, flow
stripes are bent eastward, indicating that the
event leading to bulge formation occurred
from the south and displaced ice which
must have been either weakly grounded or
floating.

works strictly only for a system in steady state.
Better characterization of the changes taking place
on the ice shelf today would allow more confident
use of the flow field in the recent past; improve-
ments in timing beyond this will be difficult. Itis
clear, however, that the features identified in the
AVHRR image composite reveal a complex his-
tory, showing that ice discharge from the West
Antarctic Ice Sheet into the Ross Ice Shelf has been
variable for at least the last millennium.

What is least certain from the above interpre-

tations is the occurrence of a speculative event
which would have isolated the section of ice near
the ice front with flow stripes oriented northwest/
southeast, at a distinct angle to the ice on either
side of its boundaries. Because of its age and po-
sition near the ice front, this ice has an uncertain
source. In addition there is uncertainty in the tim-
ing of events, primarily because of the record of
variable discharge into the ice shelf. Use of the
RIGGS flow field to date features on the ice shelf
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FIGURE CAPTIONS

detail of Figure 1, while the figure on the right is an

Fig. 1. Enhanced AVHRR image composite of the Ross interpretation of the flow stripes visible in that image.

Ice Shelf, showing many features related to the ice flow
history from outlet glaciers and ice streams. Details of
the image composite production are discussed in the
text and appendix.

Fig. 2. a) Flow stripes and b) rifts and crevasse series
mapped from the enhanced image composite of Figure
1. Note the preponderance of these features in the ice
from ice streams A, B and C. c) Provenance of the ice
in the Ross Ice Shelf as determined from tracing the
tracks of flow boundaries, including formerly active
margins of ice stream C. Also shown are the sets of
ice-front-parallel rifts, visible in Figure 1, which are
likely sites of future calving (the rifts labeled R and R’
are discussed in the text). d) Flow lines and 100-year
particle motion dots illustrate the RIGGS measured
velocity field. Heavy gray 500 and 1000-year contours
show the time required for ice to reach the 0-year
contour line near the ice front in the RIGGS flow field.
In all four frames a heavy line shows the locations of
the grounding line, the ice front, the ice divides on
Siple Dome and Roosevelt Island, and active shear
margins. Roosevelt Island (RI), Steershead ice rise
(SH), Crary Ice Rise (CIR), Siple Dome (SD), and
ridge B/C are labeled, as are ice streams A-F.

Fig. 3. Western Ross Ice Shelf flow stripes and flow
lines calculated from RIGGS flow and strain measure-
ments. Note the near-parallel nature of the flow stripes
(a record of past flow) and the RIGGS flow lines.

Fig. 4. Flow stripes in ice from ice streams D and E
and the RIGGS flow lines around Roosevelt Island (RI).
Note the discrepancy between these two flow indicators
in the area marked A. The large open circles are sites
where the RIGGS flow field was directly measured; the
large gray filled circles identify RIGGS sites to which
the ice motion was interpolated.

Fig. 5. Crary Ice Rise (CIR) and its downstream rift
tracks. The tracks are produced by rifting on either
side of the downstream end of CIR, and by an incom-
plete closure of the shelf ice on the downstream end.
The image on the left is extracted directly from Figure
1, while the figure on the right shows the rifts that we
would interpret as coming from the downstream end of
Crary Ice Rise, with the RIGGS flow lines for refer-
ence. D and S are the sites of Bindschadler’s tempera-
ture profiles, discussed in the text.

Fig. 6. The “bulge” in flow stripes to the west of
Crary Ice Rise that was originally identified by
Casassa and Turner (1991). The image on the leftis a

Fig. 7. a) A second data-cumulated image of the mouth
of ice stream C, inset into the image from Figure 1.

The second image shows several features more clearly,
due to a different illumination geometry. b) Interpreta-
tion of the features visible in this imagery. Heavy
dashed lines mark the former shear margins of ice
streams B and C, and their trace out on the ice shelf.
Two lighter dashed lines show locations of older
potential margins of ice stream C. The light gray flow
lines and 100-year displacement markers are from the
RIGGS flow field (see Figure 2d) (note that these flow
lines are not well constrained near the grounding line).
The flow stripes shown in the right frame are from
Figure 2a. The heavy continuous line shows the
location of the grounding line (dashed where question-
able) and active shear margins. The area labeled ‘L’is
the location of the loop in flow stripes associated with
the grounding of Steershead (SH).

Fig. 8. a) Detail from a Landsat TM image, showing
the extensive crevassing in the area we interpret as
actively extending. b) An image extracted from Figure
1, showing Steershead and the C flow stripe loop. The
box outlines the location of the Landsat detail shown in

().

Fig. 9. One possible ice flow history that would result
in the present configuration of flow stripes and rifts on
the ice shelf. The events which drive this interpretation
are discussed in the text.



APPENDIX A

Table 1. AVHRR scenes used for Ross Ice Shelf data cumulated image map

Image File Name* date acq GMT solar €lev solar azim
acq time

al2_mem_921114 1591 11/14/1992 15:21 12.4 128.0

al2_mem_921114 1701  11/14/1992 17:01 16.3 103.9
al2 mcm_ 921117 1557 11/17/1992  15:57 14.4 119.7
al2_mem_921119 1514  11/19/1992 15:14 13.3 130.2
al2 mcm_921119 1654 11/19/1992 16:54 17.1 106.1
al2 _mem_921122 1550  11/22/1992  15:50 15.2 121.8
al2_mcm_921123 1529  11/23/1992  15:29 14.6 127.0
al2_mcm 921124 1508  11/24/1992 15:08 14.1 132.1
al?_mcm_921128 1522  11/28/1992 15:22 15.3 129.2
al2_mcm_921206_1552  12/06/1992 15:52 17.4 122.9
al2_mcm 921207 1530  12/07/1992  15:30 16.7 128.3
al2_mcm 921208 1509  12/08/1992  15:09 16.1 133.4
al2_mcm 921208 1649  12/08/1992  16:49 19.8 109.5
al2 mcm_921209 1448 12/09/1992 14:48 15.5 138.5
al2 mcm_921209 1627 12/09/1992 16:27 18.9 114.9
mean 16.2 123.0

*selected from the NSIDC Polar 1km Level 1B AVHRR Data Set
(http://www-nsidc.colorado.edu/NASA/GUIDE/AVHRR)

*at time of start of acquisition at 80S, 180W.

"master image for coregistration

DATA PROCESSING STEPS

For each AVHRR image listed in Table 1, channels 1 and 2 are extracted from the swath data and
modified to reduce the effect of the AVHRR point-spread function (Reichenbach and others, 1995).
They are then combined to a first principal component image. This synthetic ‘channel’ of the AVHRR
swath is geolocated based on the orbital ephemeris data (including clock-drift correction), reprojected,
and at the same time resampled to a smaller grid. For the Ross Ice Shelf image, the projection used is
polar stereographic from the WGS84 ellipsoid, with the plane of projection parallel to°tBelat®

tude line. Effects of topography are approximately corrected using the ETOPOS5 digital elevation
model (available from EROS Data Center, Sioux Falls, South Dakota). The projected image was
resampled to a new grid of 150 meter pixels, using a nearest-neighbor transformation; thus individual
samples from the original AVHRR pixels are represented as fields of smaller pixels.

The ephemeris-based geolocation is accurate to only about +/-3 km. Therefore, the
reprojected images are not precisely coregistered. To align the images to the sub-pixel accuracy
required for data cumulation, an image-to-image correlation routine is applied, matching surface
features in the images on the basis of the pattern of grey-scale values (Scambos and others, 1992).
Surface features in the spatial range 0 - 15 km are enhanced by using a high-pass spatial filter prior
to running the matching routine. Scenes are coregistered to a ‘master’ image, selected on the basis
of maximum clear-sky area and an imaging geometry All the images contain at least a few



clouds or sensor errors. Prior to combining the images, a mask is created by manually outlining
these areas. The images are multiplied by their respective bit-map mask to create an scene of clear-
image areas interspersed with zero-value areas (where the images were cloudy or noisy). Then both
the images and the bit-map masks are summed. The data-cumulated image is derived by dividing
the summed image by the summed bit-maps. Although 15 images were used in generating the data
cumulation, the actual number of images contributing to any one area ranges from 4 to 11.

Final processing steps are resampling to a pixel size appropriate to the actual resolution, and
adjusting the histogram to enhance subtle features on the ice shelf. The images were processed as a
four-byte real data files until the last step, to preserve radiometric sensitivity.

In the final image, spatial resolution for areas having more than 8 images contributing to
them (the majority of the imaged area) have a true spatial resolution of approximately 800 meters.
Radiometrically, the improvement is a factor of approximately 4 relative to a single-channel AVHRR
image. This radiometric improvement is a combination of the improvement achieved using principal
components and the cumulation of the PC images.
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Figure 6
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