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ABSTRACT. Satellite imagery indicates that the floating terminus of Pine Island Gla-
cier has changed little in extent over the past two decades. Data on the velocity and thick-
ness of the glacier reveal that calving of 28 + 4 Gt a ' accounts for only half of the ice
input near the grounding line. The apparently steady configuration implies that the re-
mainder of the input is lost by basal melting at a mean rate of 12 + 3ma !, Ocean circu-
lation in Pine Island Bay transports +1°C waters beneath the glacier and temperatures
recorded in melt-laden outflows show that heat loss from the ocean is consistent with the
requirements of the calculated melt rate. The combination of iceberg calving and basal
melting lies at the lower end of estimates for the total accumulation over the catchment
basin, drawing into question previous estimates of a significantly positive mass budget for

this part of the ice sheet.

1. INTRODUCTION

Approximately 200 000 km? of West Antarctica are drained
by Pine Island Glacier, which discharges via a short floating
terminus into Pine Island Bay (Fig. 1). The catchment basin
comprises most of Ellsworth Land and includes a region
where the subglacial bed sinks to 2500 m below sea level.
The glacier is about 30 km in width and about 200 km in
length from the point where it first becomes discernible in
satellite images as fast-moving ice separate from the sur-
rounding ice sheet to the calving front. Figure 2a shows a
mosaic of four synthetic aperture radar (SAR) images of
the glacier and surrounding area obtained in 1992.

Pine Island Glacier and its neighbour, Thwaites Glacier,
have been highlighted as parts of the West Antarctic ice
sheet that may be particularly vulnerable to climatic warm-
ing (Thomas and others, 1979; Hughes, 1981; Stuiver and
others, 1981, Thomas, 1984). They are the largest outlet
glaciers in West Antarctica not discharging into substantial
ice shelves. In both cases the glacier bed deepens inland of
the grounding line. Early theories on the dynamics of mar-
ine ice sheets suggested that such a situation is inherently
unstable (Weertman, 1974; Thomas and Bentley, 1978), be-
cause inland migration of the grounding line would be self-
perpetuating and irveversible without a substantial change
in climatic forcing.

Despite the interest aroused by theoretical studies, reli-
able glaciological data on Pine Island Glacier have re-
mained sparse. In 1981, an airborne radio-echo sounding
survey (Crabtree and Doake, 1982) measured surface eleva-
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tion and ice thickness, from which the extent of the floating
ice was determined (Iig. 2a). This study placed the ground-
ing line 85 km upstream of the 1981 ice front, though the ab-
solute locations assigned to both grounding line and ice
front were subject to errors in the navigation system used.
Early analyses (Crabtree and Doake, 1982; Lindstrom and
Hughes, 1984) suggested a large, positive mass budget for
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Fig. 1. Map of West Antarctica showing the location of Pine
Island Bay. The solid black rectangle indicates the area cov-
ered by Figure 2.
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Fig. 2. (a) Mosaic of two ERS-1 SAR images (orbit 3174, frames 5193 and 5211) showing Pine Island Glacier on 4 December
1992, Twa more images from 23 February 1992 (orbit 7521, frames 5607 and 5589) show some of the surrounding area. All im ages
have been georeferenced using the scene corner coordinates supplied by ESA, accurate to ~30 m. Dotted lines indicate segments of
continuous ice-thickness data obtained from a radio-echo sounding survey flown in February 1981. Locations of the ice front, the
grounding line and the glacier margins, as inferved from the radio-echo data, are indicated by triangles, squares and asterisks,
respectively. The discrepancy in the position of the margins provides an indication of the accuracy of the Doppler navigation
records used to fix the flight lines. Numbered cireles indicate the locations of conductivity—temperature—depth (CTD ) profiles
measured within ~500 m of the ice front on 14 March 1994. The mass-balance calculations of section 3 concern the 70 km of the
glacier lying between the northeast—southwest flight track near 99.5° Wand the 1994 ice front. (b) Landsat I scene of the same

area acquired on 24 January 1973 ( path 246, row 114).

the inland catchment basin but these conclusions have been
brought into question by a more recent study (Lucchitta and
others, 1995). The latter work is based on more reliable mea-
surements of ice velocity, made possible by the advent of
high-resolution SAR imagery and sophisticated feature-
tracking algorithms.

In this paper we use the available data on the floating
part of Pine Island Glacier to estimate the rates of iceberg
calving and basal melting. We are motivated by the results
of a 1994 hydrographic survey of Pine Island Bay (Jacobs
and others, 1996) showing sea-water temperatures more
than 3°C above the freezing point near the glacier. Such
warm waters are widespread on the continental shelves of
the Amundsen and Bellingshausen Seas and have been im-
plicated in supporting high melt rates reported elsewhere in
this sector (Potter and Paren, 1985).
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2. RECENT BEHAVIOUR REVEALED BY
SATELLITE IMAGERY

Figure 2b shows a 1973 Landsat image of the glacier. Posi-
tional control has been derived from the SAR image (Fig.
2a) by warping the Landsat scene until all fixed points
overlay. The reliability of this process is compromised by
the paucity of fixed points common to both images, and by
the lateral displacement of topographic features in the SAR
image, as a result of side-on illumination by the radar.
Overall, we consider the relative positional accuracy to be
good to +2 km. Avisual comparison of the images sug-
gests a steady regime, with flowlines, crevasse patterns and
topographic features appearing to have altered little over
the two-decade time lapse between the acquisitions. The po-
sitions of the calving front are reproduced in Figure 3, along
with those taken from a 1982 Landsat image and two more
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Fig. 3. Compaosite of ice-front locations taken from images ac-
quired on 24 January 1973 ( Landsat; Fig. 2b), 15 January
1982 ( Landsat ), 9 February 1992 ( ERS-I SAR ). 4 Decem-
ber 1992 ( ERS-1 SAR; Fig. 2a) and 15 March 1994 ( ERS-
1 SAR). Relative positions should be accurate to within 2 km.

SAR images from the early 1990s. We conclude that, apart
from the fluctuations associated with the quasi-periodic
nature of iceherg calving, the ice front has maintained a
stable position since the early 1970s.

Sediment cores collected in Pine Tsland Bay indicate that
ice-shell cover was more extensive as recently as 100 years ago
and ongoing retreat of ~0.8 kma "is suggested by terminus
locations recorded in 1966, 1973 and 1985 (Kellogg and Kel-
logg, 1987). The 1973 image (Fig. 2b) shows what is appar-
ently the aftermath of a significant retreat of the ice front
from a position that it has not since re-occupied. We cannot
say whether this event was one stage in a continuing reces-
sion of the glacier or not. Our record of ice-front locations
from the succeeding two decades (Fig. 3) indicates that the
position recorded in 1985 was a transitory minimum but tells
us nothing about longer-term changes. However, it is the be-
haviour of the floating section of Pine Island Glacier over the
past few decades that is of primary concern to us.

From a sequence of ERS-1 SAR images taken in Febru-
ary 1992, December 1992 and March 1994, we estimate an
ice velocity of 26 kma ' at the calving front. We have as-
sumed that no calving took place between the times of the
latter two images, so that the ice-front advance apparent in
Fioure 3 can be directly related to the ice velocity. Between
February and December 1992 the ice front retreated but the
carlier of these images shows a prominent rift about 6 km
upstream of the ice front (Lucchitta and others, 1995, fig. 5),
which we have assumed is the site of calving. The two esti-
mates of ice velocity provided by the three images are con-
sistent. Three independent studies of a series of Landsat
images acquired between 1973 and 1975 (Crabtree and
Doake, 1982; Williams and others, 1982; Lindstrom and
Tyler, 1984) put the velocity at the ice front between 2.1 and
24kma . Our calculation of 26 kma ' could indicate a
small acceleration of the flow following the large calving
event in the early 1970s, but may simply reflect the better
positional control on the newer images.

The observation that the floating terminus of Pine
Island Glacier has changed little over recent years implies
that current rates of input and output are approximately in
balance. In the following section we use this fact to derive
the basal melt rate from our knowledge of the other compo-
nents of the mass budget. It is likely that such a state of bal-
ance almost always exists, because the residence time for ice
within this small ice shell is only a few decades. We stress
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that this implies nothing about the state of the glacier sys-
tem as a whole, which has a response time to external for-
cing measured in millennia.

3. COMPONENTS OF THE MASS BUDGET

We calculate the upstream input, the calving flux and the
surface mass balance directly from available data and infer
the basal melt rate from the residual of these estimates. To
derive the upstream input, we use a gate that lies 20 km
downstream of the grounding line, where a flight line
crosses the glacier (Fig. 2a). Calving is estimated from the
flux through an output gate at the March 1994 ice front.
For simplicity we define gates that are aligned perpendicu-
lar to the direction of ice flow, and where necessary extrapo-
late data up- and downstream from the sites of the original
measurements to points lying on the gates. The input gate ex-
tends to the edges of the glacier, and flowlines originating
from here define the downstream area of interest to us, From
Figure 2 we estimate this area to be 2500 4 250 km®.

3.1. Upstream input

From the SAR image (Fig. 2a), we estimate that the width of
the upstream gate is 31 km. Lucchitta and others (1995)
measured a velocity of 2.6 km a ' close to the centre line
and we extrapolate to an assumed value of zero at the mar-
gins using a quartic equation (Iig. 4a). This is the theoretical
velocity profile for an ice shelf of uniform cross-stream
thickness in a parallel-sided bay, with a constant flow-law
rate factor and a flow-law exponent of 3 (Budd, 1966). The
ice-thickness profile (Fig. 4b) crosses the glacier at an angle
of about 757 to the flow and coincides with the gate only at
the centre line. With little knowledge of the longitudinal
thickness gradients, it is difficult to extrapolate these data.
However, they all lic within 4 km of the gate and, with the
assumed symmetry in the velocity profile, the total flux we
calculate will be influenced only by cross-stream variations
in the thickness gradient. In the absence of data, we simply
make a linear adjustment of the distance scale shown in Fig-
ure 4b to reduce the total width to 31km. Integrating the
product of thickness and velocity across the input gate then
gives a total volume flux of 61 km®a.

The ice-thickness measurements should be accurate to
+ 9% but additional uncertainties have been introduced
because they are not coincident with the gate. Assuming
that cross-stream variations in the longitudinal thickness gra-
dient are no more than 4+ 0.01, the mean value of the longitu-
dinal profile of Crabtree and Doake (1982), then the
additional errors should not exceed +40 m. This gives an
overall error of +3% in the thickness profile. Lucchitta and
others (1995) considered their measurements of crevasse
movement to be accurate to + 50 m, suggesting an error of
+25% in the centre-line velocity, but our extrapolation to
the margins is also subject to uncertainty. Using a cubic velo-
city profile, as found on the Amery Ice Shelf (Budd, 1966),
instcad of our quartic one, would reduce the inflow by 6%.
However, the high shear at the margins of Pine Island
Glacier should soften the ice there, leading to a steeper velo-
city gradient through a narrower shear zone than that indi-
cated in Figure 4a. Plug flow is an unrealistic extreme that
would increase the lux by 22%. Overall, we assume the
velocities are accurate to +10%. The error in the glacier
width should be no more than £2%. The cumulative error
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Fig. 4. (a) Transverse profile of velocity used to estimate ice
Slux through the input gate. A quartic equation, v’ = 1—
(22" — 1)* where v” is velocily, scaled by the maximum
value, and x' is distance, scaled by the lotal width, has been
used to extrapolate from the measured centre-line value to an
assumed value of zero at the margins. (b) Transverse section
of surface and basal elevation across Pine Island Glacier
about 20 km downstream of the grounding line ( Fig. 2a).
Crosses indicate points obtained by hand-digitization of the
analogue records. Solid lines indicate profiles used in this
study after editing points where diffraction hyperbolae rather
than basal reflections were picked.

in the volume flux, taking all the aforementioned sources into
consideration, is +11%, or £ 7km”*a |

A mean ice density calculated from the data in Figure 4h
would be unreliable, because the only control on the abso-
lute surface elevation of the glacier is the aircraft pressure
altimeter, which cannot be expected to be particularly ac-
curate for a long flight over unknown terrain. We would ex-
pect the air contained in the upper layers of firn to comprise
around 10 + 5m of the total thickness, suggesting a mean
density of 907 + 5kgm * The uncertainty makes a negligi-
ble contribution to the overall error budget. We arrive at a
figure of 56 + 6Gta ' (1Gt= 107 kg) for the mass input
through the upstream gate.

3.2. Ice-front discharge

The output gate extends from the point where the ice front
turns through about 125°, southward to the prominent flow-
line that can be seen 3 km to the cast of C'TD station 92 ( Fig,
2a). The width of the gate measured perpendicular to the ice
flow is 31 km. We assume a flat cross-stream velocity profile,
because the gate does not extend right into the shear mar-
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gins. For the velocity, we use the value of 26 kma ' deter-
mined from the SAR images (section 2).

The height of the glacier front in March 1994 was mea-
sured from RVIB Nathaniel B. Palmer using sextant angles
and ship’s radar ranges. To estimate the ice thickness from
these data, we must assume that the ice front is vertical and
floating in hydrostatic equilibrium. This is almost certainly
not the case for two extreme heights, in excess of 80 m, mea-
sured close to the margins, so we have excluded these two
points from the analysis. The edited profile is shown in Fig-
ure 5 and has a mean height of 48 m across the output gate.

We have estimated the mean density of the ice column
using the elevation and thickness data of Crabtree and
Doake (1982) taken from the profile that crossed the glacier
Jjust upstream of the ice front (Fig. 2a). The short section of
this flight that passed over the sea provides additional con-
trol on the absolute elevation of the aircraft. We compute an
average density of 900 kg m ”, implying an air content of
about 9m, which seems consistent with our estimate of the
upstream density. Using a sea-water density of 1027.5 kg m *
(Jacobs and others, 1996), the mean ice-front height of 48 m
equates to a thickness of 390 m. Combined with a width of
3lkm and a velocity of 26 kma ', this gives a total flux of
28Gta ' through the output gate.

The largest uncertainty in the calving flux originates
from our use of the measured height of the ice front to de-
rive the ice thickness. We must consider both the errors in
the measurements themselves (about +5%) and the fact
that the height showing above the sea surface may be af-
fected by peculiarities in shape beneath the water line. We
suspect that differences in the shape of the ice front account
for at least some of the variability apparent in Figure 5 and,
as a result, we attach an uncertainty of + 10% to the mean
elevation of the glacier’s upper surface. Our value for the
mean density of the ice is prabably good to +5 kg m * hut
this gives rise to errors of +4% in the density contrast be-
tween ice and sea water, and a cumulative error of 4 11% in
the thickness. The measured displacement of the ice front is
probably good to +100m but, in converting this to a velo-
city, we must make the assumption that the overwhelming
majority of the ice is lost by major calving events, like that
in mid- 1992 (Lucchitta and others, 1995). Any small-scale
attrition of the ice front that has gone undetected will lead
to an underestimate of the velocity. Our straight-line extra-
polation of the velocity to the margins must introduce a
small error in the opposite sense, so that the overall error
in the velocity probably does not exceed +250ma ' We
take the width of the output gate to be accurate to + 1 km.
The cumulative error in the ice-front discharge estimated
from all the aforementioned sources is +15% or +4 Gra .

3.3. Surface sublimation

Kellogg and others 1985) retrieved firn samples from sev-
eral unspecified locations on Pine Island Glacier. From ob-
servations of the sintering characteristics and a measured
surface density of 650kgm * they estimated a net surface
loss of 067 ma ', primarily caused by sublimation. Assum-
ing a mean density of 500 kg m * for the sublimated layers, a

mass loss of 340 kgm “a 'is implied. However, this calcu-
lation is based on a comparison with firn characteristics ob-
served at Siple Station, which lies in a region of high
accumulation and low temperature. While precipitation
rates and temperatures may be similar over much of the
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Fig. 5. Vertical section of potential temperature (in°C) measured near the front of Pine Island Glacier on 14 March 1994. Station
numbers are given at the lop and corresponding locations are shown in Figure 2a. Heavy shading indicales the seabed: light
shading, the glacier. Contemporaneous measurements of surface elevation (except two points indicated by diamonds above the
glacier ) have been used to estimate ice thickness, assuming that the glacier floats in hydrostatic equilibrium. The distance axis
follows the ice front, which turns through ~125° at the origin. The output gate, which measures 31 km perpendicular to the flow

direction, extends from the origin to 32.1 km on this scale.

Pine Island Glacier catchment, the transition to a zone of
net surface loss as the ice front is approached must induce
changes in the near-surface density profile. It seems unli-
kely that the sublimation rate on the glacier should greatly
exceed the 200 kg m “a ' reported by Frezzotti (1993) for
the bluc-ice areas in Terra Nova Bay, where persistent,
strong katabatic winds are well documented. A rate of
200 + 100 ke m Za ' probably covers the most likely range
of values.

Applying the above sublimation rate to the entire
2500 + 250 km? of Pine Island Glacier lying between the
input and output gates gives a total mass loss of 0.5 & 0.25

Gta ' Thisis about 1% of the mass flux through the input
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gate, and falls well within the error bar of +6 Gta ! esti-
mated for the input.

3.4. Basal melting

The preceding calculations indicate that iceberg calving
and surface sublimation account for only half of the mass
flowing through the input gate near the grounding line of
Pine Island Glacier. If the budget of the floating part of the
glacier is currently balanced, 28 + 7Gta ' must melt from
the 2500 + 250km” of the glacier base lying in the study
area, Assuming a density of 917 kgm % for ice at the base of
the glacier implies a mean melt rate of 12 + 3ma ]
Localized melt rates of up to 8ma ' have previously
been reported for George VI Ice Shelf (Bishop and Walton,
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1981) but there is conslderal)le spatial variability and the
' (Potter and Paren, 1985). Be-
neath the larger Antarctic ice shelves, generally lower melt
rates and regional freezing lead to averages of less than
Ima ' (Jacobs and others, 1992). The waters of Pine Island
Bay must provide a significant source of heat to sustain the
high melt rate we have calculated beneath the glacier.

average lies close to 2ma

4. OCEANOGRAPHY OF PINE ISLAND BAY

In March 1994, a hydrographic survey was conducted in
Pine Island Bay from RVIB Nathaniel B. Palmer. Three con-
ductivity-temperature—depth (CTD) stations were occu-
pied near the calving front of Pine Island Glacier (Fig 2a).
Accompanying sea-floor depth soundings revealed a trough
carved into the continental shelf, reaching a depth of
1080 m close to the steep southern flank. A water mass iden-
tified as almost undiluted Circumpolar Deep Water
(CDW), with potential temperature and salinity values
above 1"C and 34.68%, respectively, filled the trough at
depths greater than 800 m (Fig. 5). Above this level, the
water column is influenced to varying degrees by melt-
water emerging from the cavity beneath the glacier. At sta-
tion 92 the characteristics of the entire water column
between 100 and 800 m can be attributed to a mixture of
CDW and meltwater (Jacobs and others, 1996), while at the
other two stations the meltwater influence can be identified
only in distinct layers with relatively homogeneous proper-
ties, The interleaving of these layers with the ambient water
column gives rise to the temperature inversions visible be-
tween 200 and 500 m depth on these more northerly sta-
tions. All the outflows have potential temperatures well
above the in situ freezing point, indicating that not all the
available heat has been used for melting.

1o calculate the net transport of meltwater across our
hydrographic section, we use a simple box model, which as-
sumes inflow for the homogencous bottom layer, ~300 m
thick, and outflow for the remaining water column up to
the average ice-front draft of 340 m. The inflow box is con-
strained by the bottom topography to lie between the south-
ern and the central station. We constrain the outflow box
similarly, because of the predominance of the meltwater
signature in the south. From density differences between
stations 92 and 93, Jacobs and others (1996) calculated a
geostrophic transport through the outflow box of 0,172 Sv
(1Sv=10°m®s ). A net cooling of 0.51°C can be derived
from the difference in the mean potential temperature
below 800 m and that between 340 and 800 m at station 92.
Conservation of mass and energy give the following:

Qmu = Qin = M
QoutOgut = Qinc®iy + McO; — ML; — Mc; (0 — ©;)

where @ represents a mass of sea water, M a mass of melt-
water, © a potential temperature, ¢ a specific heat capacity
and L a latent heat of fusion. Subscripts “in” and “out” are

;n

self-explanatory, subscript “i” indicates ice properties and
subscript “” indicates the freezing point of sea water. The
first three terms in the second equation, reading from lefi
to right, represent the heat fluxes associated with the out-
flow, the inflow and the meltwater,

term represents the latent heat given up by the ocean to melt

respectively, The fourth

the ice and the final term is the heat lost by conduction into
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the ice. By combining the above two equations, we can ex-
press the mass of meltwater as:

an('( in — Omll)
c(Om —6r) + L+ Ci(el' —~g)

We take values of 3.34 x 10° j kg ! for [hf‘ latent heat of
fusion and 2 x 10* and 4 x 10° Jkg "K ! for the specific
heat capacities of ice and sea water, respectively. The freez-
ing point at the mean depth of the glacier base is —2.5°C.
Taking an inflow temperature of 1°C and an ice tempera-
ture of -20°C, derived from the gradient of station 92 data
on a plot of potential temperature vs salinity (Hellmer and
others, in press), gives a meltwater flux of 30 Gta !

Our assumption of geostrophic balance is questionable
so close to boundaries and the meltwater in the outflow
could have been gathered over the entire basal area of the
floating ice, not just the 2500 km” discussed in the previous
section. While the use of station 92 data for the entire out-
flow maximizes the flux calculated by this method, there is
certainly some meltwater influence in the northern C:TD
profile and at depths shallower than the ice-front draft,
which we have excluded, and the most concentrated part of
the outflow may pass to the south of station 92. The above
arguments suggest a large uncertainty in the meltwater
flux calculated in this section but the result of the calcula-
tion is consistent with the glaciological mass balance and
indicates that the ocean does have the capacity to sustain a
high melt rate at the base of Pine Island Glacier,

5. MASS BUDGET OF THE DRAINAGE BASIN

Our analysis of the upstream input indicates that the mass
flux across the grounding line of Pine Tsland Glacier is at
least 56 + 6 Gta
as this figure does not take into account ice that melts from

" The true discharge is probably higher,

the base between the grounding line and the upstream gate.
The two flotation points identified by Crabtree and Doake
(1982) (Fig 2a) give little information about the shape of the
grounding line, but assuming it is a straight line perpen-
dicular to the flow direction gives an additional 500 km? of
loating ice. To baldncc‘ melting of 12 ma ' over this area, a
further 55Gta ' of ice would have to cross the grounding
litie.~ lhls probably represents an upper limit, because the
topography apparent in Figure 2 is suggestive of a complex
grounding zone with a number of pinning points and be-
cause the melt rate in this region is most likely smaller than
the downstream aver dgc (Hellmer and others, in press). A
figure of 4 + 2Gta ' probably covers the most likely range
of values for the ice flux that does not reach the i input gate.
Our estimate for the total discharge from the inland
basin becomes 60 + 6 Gta . This lies at the lower extreme
of estimates for the total accumulation in the Pine Island
Glacier catchment, which range from 66 to 86 + 30 Gta '
(Crabtree and Doake, 1982: Lindstrom and Hughes, 1984).
Given the large uncertainty in the accumulation, it is hard
to argue that the net mass balance differs significantly from
zero. Early suggestions of a large, positive mass budget
(Crabtree and Doake, 1982; Lindstrom and Hughes, 1984)
were based on underestimates of ice velocity at the ground-
ing line. The work of Lucchitta and others (1995) cffectively
transferred the bulk of this imbalance across the grounding
line, while our observations have dissipated it in the ocean.
‘The mass budget of the grounded parts of the Antarctic
ice sheet influences global custatic sea level. A recent review
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of data on ice accumulation and discharge for the major
catchment basins (Bentley and Giovinetto, 1991) concluded
that the ice sheet overall is growing at a rate of 40-400
Gta ', equivalent to a sea-level lowering of 0.1 -1.Imma 1
One of the largest contributions to this result is a 50 Gta '
positive budget assigned to Pine Island Glacier. If we take
this basin to be in balance and redo the calculation of Bent-
ley and Giovinetto (1991), we obtain upper and lower bounds
of 230 and —10 Gta ' on the excess input over the entire ice
sheet. This suggests that further work is necessary before
even the sign of Antarctica’s contribution to sea-level change
can be determined with confidence.

6. SUMMARY AND CONCLUSIONS

Recent data obtained from satellite imagery of Pine Island
Glacier have revealed an apparent steadiness in the size and
dynamics of the floating terminus. A calving flux of
28 + 4Gta '
across the grounding line. Oceanographic observations in
Pine Island Bay are consistent with melting of 12 + 3ma !

removes only about half of the mass flowing

over a basal area of ~3000 km? balancing the current mass
budget. If a gradual retreat of the glacier is in progress, as
suggested by records of ice-front location over the period
1966-85 (Kellogg and Kellogg, 1987), our values for calving
and melting are most likely underestimates. These results
are especially significant because Pine Island Glacier has
often been regarded as the archetype of a fast-flowing, fast-
calving fjord glacier, like some in Greenland, where melting
of the floating terminus is assumed to be an insignificant
component in the mass budget. Taking the high melt rate
into account entails significant revisions to earlier esti-
mates of Antarctica’s mass balance (Bentley and Giovinet-
to, 1991; Jacobs and others, 1996).

The melt rate beneath Pine Island Glacier is 6 times
higher than the mean value reported by Potter and Paren
(1985) for George VI Ice Shelf, despite similar temperatures
in the adjacent water column. The difference is most likely a
result of the deep draft and steeply inclined base of the
glacier. The deepest parts of George VI Ice Shelf are less
than 500 m below sea level (Talbot, 1988), so are less ex-
posed to inflowing CDW than the base of Pine Island
Glacier, which reaches a depth of 1300 m. The basal slope
of the glacier averages ~0.01, compared with ~0.001 over
much of George VI Ice Shelf, and the greater slope imparts
a stronger gravitational forcing on the thermohaline circu-
lation. The melt-laden outflows in Pine Island Bay, like those
near George VI Ice Shelf (Potter and others, 1988), are sig-
nificantly above the freezing point.

Of the thinning that occurs over the final 70 km of Pine
Island Glacier, only one-third can be attributed to vertical
strain. The remaining two-thirds, representing a thickness
change of about 360 m, is due to melting. The seabed
beneath the glacier shoals by about 200 m between the
grounding line and the ice front (Crabtree and Doake,
1982) and the continental shelf to the north and west has
rugged topography with many potential pinning points for
a more extensive ice shelf or a more advanced grounding
line. If CDW were somehow excluded from Pine Island Bay,
basal melting could fall by a factor of 50 (Hellmer and
others, in press) and floating parts of the glacier would soon
run aground. An advance of the calving front only 80 km
beyond its March 1994 location would be sufficient for it to
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merge with the discharge from Thwaites Glacier, producing
a more extensive ice shelf. The warmth of the ocean waters
may play a similar role in limiting the ice cover throughout
the Amundsen and Bellingshausen Seas. The present-day
configuration of the Antarctic ice sheet has then, to some
extent, been determined by the water masses invading the
continental shelves exposed by Holocene retreat of its mar-
gins.

In the Ross and Weddell Seas, waters that are colder and
denser than CDW form over the continental shelves as a
result of haline convection beneath growing sea ice. Undi-
luted CDW does not penetrate beyond the continental-shelf
break and the waters that interact with the ice shelves have
temperatures close to the surface freezing point. Net melting
of less than Ima ', regions of basal freezing and the forma-
tion of potentially supercooled Ice Shelf Water are the re-
sults. Although the continental shelves of the Amundsen
and Bellingshausen Seas are of similar depth and extent to
those of the Ross and Weddell Seas, dense shelt waters are
absent, The difference has been attributed by Talbot (1988)
to low surface salinities in the Amundsen and Bellings-
hausen Seas, resulting from high regional air temperatures
and precipitation, a low net transport of sea ice off the shelf
and a large input of meltwater from the ice sheet. Although
the environments of the Ross and Filchner-Ronne Ice
Shelves are often seen as the norm, they are the product of
specific climatic conditions prevailing over broad, southerly
continental shelves, which may only occur during Antarctic
interglacials. During glacial maxima, ice shelves fringing
an ice sheet that occupied all or most of the continental
shelf would more likely see a deep water column analogous
to the current conditions in Pine Island Bay. We might
therefore speculate that any ice shelves fringing the ice
sheets of the Last Glacial Maximum would he more likely
to resemble those of the Amundsen and Bellingshausen Seas
than those of the Ross and Weddell Seas. That is, they would
most likely be small features extending ~10-100 km from
grounding line to ice front and experiencing basal melting
of ~1-10ma " with litte, if any, basal freezing.
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