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ABSTRACT. Two high-resolution (1 km grid) numerical model simulations of the Amundsen Sea, West
Antarctica, are used to study the role of the ocean in the mass loss and grounding line retreat of Pine
Island Glacier. The first simulation uses BEDMAP bathymetry under the Pine Island ice shelf, and the
second simulation uses NASA IceBridge-derived bathymetry. The IceBridge data reveal the existence of
a trough from the ice-shelf edge to the grounding line, enabling warm Circumpolar Deep Water to
penetrate to the grounding line, leading to higher melt rates than previously estimated. The mean melt
rate for the simulation with NASA IceBridge data is 28ma–1, much higher than previous model
estimates but closer to estimates from remote sensing. Although the mean melt rate is 25% higher than
in the simulation with BEDMAP bathymetry, the temporal evolution remains unchanged between the
two simulations. This indicates that temporal variability of melting is mostly driven by processes outside
the cavity. Spatial melt rate patterns of BEDMAP and IceBridge simulations differ significantly, with the
latter in closer agreement with satellite-derived melt rate estimates of �50ma–1 near the grounding
line. Our simulations confirm that knowledge of the cavity shape and its time evolution are essential to
accurately capture basal mass loss of Antarctic ice shelves.

INTRODUCTION
Large basal melt rates, mass loss and grounding line retreat
of ice shelves of the West Antarctic ice sheet (WAIS) have
been reported in many studies over the last few years (Jacobs
and others, 1996; Hellmer and others, 1998; Rignot, 1998;
Thomas and others, 2004; Pritchard and others, 2009).
According to Shepherd and others (2004), the WAIS lost
�51�9 km3 a–1 of volume during the 1992–2001 period.
Ocean warming is listed as a potential source for increased
basal melting and ice-shelf thinning, which in turn leads to
grounding line retreat. The influence of the ocean on the
melt rate of the Amundsen Sea ice shelves can be attributed
to the Circumpolar Deep Water (CDW), which is �38C
warmer than the surface freezing-point temperature and
which flows onto the shelf through depressions in the depth
of the continental shelf break (e.g. Jacobs and others, 1996).
To understand the processes that determine the melt rate,
Jenkins and others (2010) find that it is important to know
the shape of the sub-ice cavity and the distribution of water
properties inside and outside the cavity.

Hellmer and others (1998) showed temperature and
salinity sections in the eastern part of Pine Island Bay to
indicate the onshore flux of CDW and a circulation scheme
inside and outside the Pine Island ice shelf cavity. We refer to
this easternmost trough as the eastern channel (EC, Fig. 1).
Walker and others (2007) reported an onshore flow of CDW
through the central channel (CC) and its potential to melt the
Pine Island ice shelf. More recently,Wåhlin and others (2010)
reported an onshore flow through the western channel (WC).

In this study we find that, due to bathymetric constraints, the
major path for onshore flow of warm water is the EC.

Previous studies of the Amundsen Sea either considered
the ocean circulation in front of the cavities (Thoma and
others, 2008) or were restricted to the ice-shelf cavity (Payne
and others, 2007; Bindschadler and others, 2011). In this
study, we combine both aspects, i.e. the onshore flow of
CDW and its direct effect on the melting behavior of
Amundsen Sea ice shelves, with emphasis on the Pine Island
ice shelf. Specifically, we explore the role of the ocean in the
recently observed mass loss and grounding line retreat of the
Pine Island ice shelf, study the sensitivity of melt rate due to
changes in the sub-ice-shelf cavity bathymetry and explore
possible links between melting patterns and onshore flow in
the Amundsen Sea.

MODEL DESCRIPTION
We use the Massachusetts Institute of Techology general
circulation model (MITgcm), which includes a dynamic/
thermodynamic sea-ice model (Losch, 2010). The freezing/
melting process in the sub-ice-shelf cavity is represented by
the three-equation thermodynamics of Hellmer and Olbers
(1989), with modifications following Jenkins and others
(2001) as implemented in MITgcm by Losch (2008). The
exchange of heat and fresh water at the base of the ice shelf
is parameterized as diffusive flux of temperature and salinity
using the constant friction velocity and turbulent exchange
coefficients of Holland and Jenkins (1999).
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melt rate of 21ma–1 and a 1994 melt rate of 24ma–1 for the
southern cavity. The 1994, BEDMAP-based estimate com-
pares well with the estimates of Rignot (1998) and Jacobs
and others (2011) for the same period. While for the early
part of the simulation period the BEDMAP results are closer
to observations, the reverse is true during the later part of the
simulation period. In 2009 the BEDMAP simulation yields a
melt rate of 20ma–1, which is low compared to the 33ma–1

melt rate estimate of Jacobs and others (2011) and the
37�4ma–1 melt rate estimate from interferometric syn-
thetic aperture radar (InSAR)/Regional Atmospheric Climate
Model (RACMO) data (Rignot and others, 2008). The 2009
melt rate based on the IceBridge simulation is 31ma–1 and
much closer to observations.

The differences in melt rate between the BEDMAP and
IceBridge simulations are primarily caused by differences in
the southern part of the cavity, where major changes to the
bathymetry are found (Fig. 4c). The northern part of the cavity
has a higher variability and is the principal contributor to the
multiple peaks in the melt rate curve. These peaks result from
surface forcing and, in particular, from stronger surface winds
(e.g. during the 1993 event), which lead to cooler water
masses entering the northern cavity and thus reducing the
melt rate. This is similar to what Holland and others (2010)
found for the melting behavior of the George VI Ice Shelf in
the Bellingshausen Sea. Both the BEDMAP and IceBridge
simulations show the same interannual variability, with
increasing melt rates until 1995, followed by a decrease
until 1999, after which they increase again (Fig. 4).

To complete the picture of the Amundsen Sea, the melt
rates of the remaining ice shelves are listed in Table 1. These
melt rates are highly uncertain because the cavity
bathymetry and other empirical model parameters are
unknown. For example, the simulated basal mass loss of
the Cosgrove Ice Shelf is 32Gt a–1, which is high compared
to the 15Gt a–1 combined influx of Smith and Pole Glaciers,
which feed the Cosgrove Ice Shelf (Rignot and others, 2008).

The circulation on the Amundsen shelf is dominated by a
cyclonic gyre with a mean transport of 3�0.5 Sv (Fig. 5a).
The ridge that extends from Bear Peninsula towards the shelf
break separates the flow of Pine Island Bay from a second
cyclonic gyre that bathes the Dotson and Getz Ice Shelves.
The strength of the cyclonic gyre that flows into Pine Island
Bay increases until 1995, then decreases until 2001 and
increases again thereafter (Fig. 5c). The horizontal stream-
function and melting show a correlation of r=0.42, which is
significant at the 95% confidence level.

DISCUSSION

Mean melt rate
The mean melt rate for the IceBridge simulation (southern
Pine Island ice shelf) of 30.5ma–1 is higher than estimates
from hydrography and numerical models. Jacobs and others
(1996) estimated a melt rate of 10–12ma–1 and a mass loss
of 28Gt a–1, but they used a different position for the
grounding line and therefore a biased estimate of the ice-
shelf area. Model estimates by Hellmer and others (1998) of
6–12.5ma–1 depend on cavity configuration and on source
water characteristics and represent a conservative estimate
of the basal melt rate.

Melt rate estimates have uncertainties due to water
column thickness, grounding line location and ice-shelf

area. For example, part of the discrepancy between our
results and those of Jacobs and others (1996) and Hellmer
and others (1998) may be due to differences in the ice-shelf
areas. There are also uncertainties in water column thickness
due to the limitations of deriving bathymetry from gravity
observations. For example, comparing the IceBridge bathy-
metry with the lines from Autosub (Jenkins and others, 2010)
reveals differences of �96m (�10% of water column depth)
in seabed topography on length scales that are shorter than
the spatial resolution of the airborne gravity data. The
IceBridge data, however, provide much better spatial cov-
erage than the Autosub data. Ideally, Autosub data should be
used to adjust IceBridge inversion parameters (e.g. bedrock
density and sediment thickness).

Temporal variability
The total melt rates of the BEDMAP and IceBridge
simulations differ significantly (by �7ma–1), but the tem-
poral variability remains almost unchanged (Fig. 4a). The
main difference is the deeper inner part of the cavity that
allows warmer water to reach the now extended grounding

Fig. 4. (a) Area-averaged melt rate (m a–1) of Pine Island ice shelf
from 1979 to 2010 with BEDMAP (gray) and IceBridge (black)
bathymetry in the sub-ice-shelf cavity. Estimates from observations
are included: triangle and square after Jacobs and others (2011);
diamond with error bars after Rignot (1998). (b, c) Area-averaged
melt rate for BEDMAP (b) and IceBridge (c) simulation divided into
northern (gray) and southern (black) parts of the Pine Island ice shelf.
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