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Outline

Oceans could be a “blowtorch” at underside of ice shelves.

Ice shelves provide backstress to grounded ice.

Grounding lines are where the melt occurs.
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Mass Balance from GRACE

Further analysis is required to remove biases from the
apparent rates (Fig. 1a) introduced by a limited range of
spherical harmonics, Gaussian smoothing, and other
processing steps, and to obtain a separate estimate for
ice loss. We focus efforts on several geographical regions
with relatively large apparent rates. These include areas
with negative rates (northern AP, coastal ASE) and
positive rates (Southern Ronne Ice Shelf, and Enderby
Land, East Antarctica). The mass increase extending into
the Ronne Ice Shelf region, is possibly from either PGR
effect (Peltier, 2004; Ivins and James, 2005), residual
error in GRACE data, leakage from land signal, or some
combination of the three. Smaller negative rates are found
along the coast near the Stancomb–Wills (STA) and
Jutulstraumen (JUT) glaciers inQueenMaudLand in East
Antarctica.

To remove PGR effects, we adopt the IJ05 model
(Ivins and James, 2005) shown in Fig. 1b in the same units
of equivalent water layer change per year. The model was
represented in SH, and filtered with P4M6 and 300 km
Gaussian smoothing. The Fig. 1b color scale differs by a
factor of 2 fromFig. 1a. The IJ05model predicts that most
PGR is to be found in West Antarctica, with quite small
effects in the AP, although uncertainty of PGR models
over West Antarctic is expected to be quite large, due to

limited data available to constrain the models (Velicogna
and Wahr, 2006).

An estimated ice mass rate map (Fig. 2a) is Fig. 1a
minus the PGRmodel (Fig. 1b). AP andASE rates change
little from Fig. 1a. A negative rate has been anticipated for
theAP, but earlier GRACEdatawere not able to resolve it.
The region with negative rate near STA/JUT (Point E) has
larger magnitude, and has moved towards land. The
Enderby Land rate is relatively unchanged by removal of
PGR because IJ05 predicts a low PGR rate in this region.
Negative rates in the ASE and positive rates in Enderby
Land are similar to those found using earlier GRACE data
(e.g., Chen et al., 2006a; Ramillien et al., 2006).

2.4. Corrected mass rates for selected regions

We examine mass rates in the ASE coastal, northern
AP, and STA/JUT regions, correcting apparent rates in
Fig. 2b for biases due to filtering and limited spatial
resolution. We employ a forward modeling technique
developed in earlier studies (Chen et al., 2006a,b,c). Es-
timates are obtained by assuming that geographical lo-
cations of mass change are confined to land. This
assumption leads to mass rate models with spatial res-
olution somewhat better than the fundamental resolution

Fig. 2. a) GRACE mass rates (units of cm of equivalent water height change per year, cm/yr) after PGR (Fig. 1b) is removed. b) Predicted mass rate
map (cm/yr) from the model illustrated in Fig. 3. Time series for five grid points (A, B, C, D, and E) are presented in later figures.
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Mass Balance from GRACE

has observed accelerated ice mass loss in
southeast Greenland in recent years, consistent
with recent assessments (1) from satellite inter-
ferometry measurements.

Figure 2A suggests that limited spatial res-
olution of GRACE estimates causes a large por-
tion of variance to be spread into the surrounding
oceans, even though the actual source location is
likely on the continent. Similarly, PGR effects
from nearby regions such as Hudson Bay may
contribute to variations over Greenland. Numerical
simulations can help identify probable mass
change sources that are consistent with GRACE
observations. These experiments (see SOM Text
and fig. S1) consist of proposing probable geo-
graphical regions as sources of mass change, ap-
plying processing steps replicating the limited
spatial resolution of GRACE data, and comparing
predictions with GRACE observations.

The predicted gravity data (Fig. 2B) shows a
good match with the GRACE observations in Fig.
2A, both over Greenland and in surrounding re-
gions, including the oceans. To assign an uncer-
tainty to this figure, we scaled up errors assigned
to linear rates determined from GRACE. The con-
tribution of GRACE measurement error to
uncertainty was small, because the rate was

estimated from over 3.5 years of observations.
Therefore, the estimate for Greenland is –239 T 23
km3/year. This figure agrees well with a recent
estimate of –224 T 41 km3/year from satellite
radar interferometry (2) and is significantly larger
than earlier assessments, about –80 to –90 km3/
year from remote sensing, satellite interferometry,
and the first 2 years of GRACE data.

Most of the –239 T 23 km3/year simulated
loss comes from east Greenland, with about –90
km3/year from the southeast Greenland glaciers
(blue shaded area in fig. S1), consistent with
recent satellite interferometry observations (2).
About –74 km3/year is assigned to northeast
Greenland, where satellite interferometry obser-
vations suggest negligible ice mass change.
However, Fig. 2A suggests that the loss may
come from latitudes above 80-N, within the area
marked by the black box on Fig. 1, containing
glaciers separate from the main Greenland ice
sheet that were excluded from recent interfer-
ometry estimates (2). Therefore, it is possible
that mass loss in this region has been observed
by GRACE but is omitted from the interferom-
etry estimates. The Bdipole[ feature of Green-
land mass loss was also suggested by a recent
study (17 ).

The numerical simulation also shows that
GRACE observations are consistent with sig-
nificant mass loss (about –75 km3/year) over
Svalbard, where remote sensing estimates are
lacking. However, a recent study (19), based on
gravity and surface deformation observations in
Svalbard, suggests significant present-day glacial
melting in the region. Absolute gravity measure-
ments indicate a melting rate of about –50
km3/year, whereas surface deformation data sug-
gest a rate of about –25 km3/year. The substantial
variability among surface deformation, surface
gravity, and ourGRACEestimate of Svalbardmelt-
ing can be attributed to many factors, but all sug-
gest that significant glacial melting is taking
place, another strong indication ofArctic warming.

To this point, we have neglected PGR effects
in the immediate area of Greenland and
surrounding regions (circled by the white line in
Fig. 2, A and B). This assumption appears to be
supported by the estimated total PGR contribution
(about –5 km3/year) over Greenland in a recent
study (13), based on the ICE5G model (12).
Different PGR models may show large discrep-
ancies in modeling the Greenland surface defor-
mation effect, which is largely controlled by the
ice history and the solid Earth properties (e.g.,

Fig. 2. (A) GRACE long-
term mass rates over
Greenland and surround-
ing regions during the
period April 2002 to
November 2005, deter-
mined from mass change
time series on a 1- grid.
(B) Simulated long-term
mass rates over Green-
land and surrounding
regions from the experi-
ment as described in
SOM text and fig. S1.

Fig. 3. (A and B) GRACE mass changes at points A and B in East Greenland, marked on Fig. 2. The straight red lines are long-term linear rates
estimated from unweighted least squares fit.
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Speedup of Grounded Ice

de Angelis and Skvarca, 2003



Ice Shelf observations

Physical oceanographic measurements (temperature,

salinity, heat flux).

Basal melt and freeze-on.

Biota.

Ice sheet advance/retreat history.
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Ice Shelf projects

LARISSA (Larsen Ice Shelf)

PIG (Pine Island Glacier)

WISSARD (Whillans Ice Stream)

Petermann Glacier

NE Greenland Ice Stream

... Andrill
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Grounding Line Processes affect Stability
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Consequences of Subglacial Till Deposition

With a subglacial

wedge, grounding

line retreat

interrupted.

Grounding line

stable for millenium.

Submarine

deposition would not

stabilize grounding

line.

PSICE Ice-Ocean Interactions



Consequences of Subglacial Till Deposition

With a subglacial

wedge, grounding

line retreat

interrupted.

Grounding line

stable for millenium.

Submarine

deposition would not

stabilize grounding

line.

PSICE Ice-Ocean Interactions



Grounding Line projects

WISSARD (Whillans Ice Stream)

Thwaites Glacier (Cresis)

Byrd Glacier

PIG, Helheim,

NE Greenland Ice Stream
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Required measurements

Physical properties (water, sediment, temperature)

Dynamics of basal environment.

Microbiology.
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Ice Drilling Needs

Access to underside of ice shelf (⇠1000 m thick) for

physical oceanography.

Commercial instruments are ⇠25 cm diameter.

AUV/ROV (Autonomous, Remotely-operated vechicles are

larger (up to 1 m diameter).

Hole needs to stay open for deployment (ROV/AUV: ... and

retrieval).

Ice shelves are crevassed, but safe areas are helo

accessible.

Accesss to grounding zone for sedimentation data.

Lightweight (twin-otter/helo), rapid (days), hot water drill.

Data cables remain in frozen hole.
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Ice drilling needs for geophysics

Shallow access holes (⇠30–100 m) for shotholes.

Deep access holes (full ice depth) for basal heat flux.

Access holes for instrumentation (strain, EM, acoustics,

seismics, etc.)
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