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simplification of the gravitational driving stress
equation of motion (4). The precision of balance
velocity is affected by uncertainties in snow ac-
cumulation, major gaps in ice thickness data,
and poor topographic coverage near the South
Pole. Nor does the technique apply to floating
ice shelves or replicate the correct width and
extent of ice streams and tributaries (5). As a
result, there is no clear picture of ice sheet mo-
tion at the continental scale, from topographic
divides to a set of narrow, fast-moving glaciers
that control most of the ice sheet discharge into
the ocean. This lack of broad-scale detailed ob-
servation of ice motion has placed a fundamental
limit on the capability and reliability of numerical
models of ice sheet evolution (6).

On the eve of the international polar year,
international space agencies worked together to
enable a complete InSAR survey of Antarctica.
We used spring 2009 data from RADARSAT-2
[Canadian Space Agency (CSA) and MacDonald,
Dettwiler, and Associates Limited (MDA)]; spring
2007, 2008, and 2009 data from Envisat ASAR
[European Space Agency (ESA)]; and fall 2007
to 2008 data from the Advanced Land Observ-
ing Satellite (ALOS) PALSAR [Japan Aerospace
Exploration Agency (JAXA)], complemented by
patches of CSA’s RADARSAT-1 data from fall
2000 (7) and ESA’s Earth Remote-Sensing Satel-
lites 1 and 2 (ERS-1/2) data from spring 1996 (2).
Each radar instrument contributes its unique cov-
erage and performance level (fig. S1).

The final mosaic assembles 900 satellite tracks
and more than 3000 orbits of radar data (Fig. 1).
The data are georeferenced with a precision bet-
ter than one pixel, here 300 m, to an Earth-fixed
grid by using a digital elevation model (DEM)
(8). Absolute calibration of the surface velocity
data relies on control points of zero motion dis-
tributed along the coast (stagnant areas near ice
domes or emergent mountains) and along major
ice divides (areas of zero surface slope in the
DEM) in a set of coast-to-coast advanced syn-
thetic aperture radar (ASAR) tracks (fig. S1).
The mapping precision varies with instrument,
location, technique of analysis, repeat cycle, time
period, and data stacking. Nominal errors range
from 1 m/year along major ice divides with high
data stacking to about 17 m/year in areas affected
by ionospheric perturbations (fig. S2). In terms of
strain rate, or changes in velocity per unit length,
data noise is at the 3 × 10−4 per year level, which
is sufficient to reveal effective strain rates along
tributary shear margins over the vast majority of
the continent (Fig. 2A).

Ice velocity ranges from a few cm/year near
divides to a few km/year on fast-moving glaciers
and floating ice shelves, or 5 orders of magni-
tude. The histogram in surface velocity has a
bimodal distribution with a main peak at 4 to
5 m/year, corresponding to slow motion in East
Antarctica, and a second peak at 250 m/year,
driven by the fast flow of glaciers and ice shelves.
The fastest glaciers, Pine Island and Thwaites,
are several times faster than any other glacier

and unique in terms of how far inland fast flow
prevails. This is indeed the sector of most rapid
change at present, over the widest area, and with
the greatest impact on total ice sheet mass bal-
ance (2). Other fastest-moving glaciers include
the Larsen B glaciers in the peninsula, which
accelerated in response to ice shelf collapse (9);
the Ferrigno and Land glaciers in the west; and
the Ninnis, Frost, Totten, Denman, and Shirase
glaciers in the east.

There is reasonably good agreement between
observed surface velocity and balance velocity
(Fig. 2B) near ice divides; however, large differ-
ences exist within each basin and especially near
the coast, demonstrating that the direct measure-
ment of ice velocity is crucial to capture continental-
wide ice motion accurately. Figure 1 reveals a
wealth of new information. For instance, the exact
pathway of ice along the coastline is not without
surprise. In Queen Maud Land, the main trunk
of Jutulstraumen is not to the south through
Penck trough but to the east of Neumayer Cliffs
(10). The Sør Rondane Mountains were known
to deflect ice flow to the east and to the west

through Hansenbreen and Brydbreen glaciers,
but the main ice sheet discharge is from two
large (80-km) unnamed ice streams (named SøR
Rondane and Belgica in Fig. 1 for convenience)
that flow at 100 to 200 m/year around the Belgica
Mountains for more than 500 km inland (11).
Farther east, the fast-flowing core of Shirase Gla-
cier does not extend far inland, but little-studied
Rayner Glacier to the east flows above 100 m/year
for more than 200 km inland, presumably along
a deep subglacial trough (12). In the Antarctic
Peninsula, the tributaries of Wilkins Ice Shelf
and of the northern sector of George VI Ice Shelf
abruptly transition to zero velocity when they
mix with the floating ice shelves. We attribute
this spectacular termination of the glaciers to
massive rates of basal ablation of the ice shelves
by the underlying warm ocean (13).

An interesting aspect is the spatial pattern of
tributary flow. Each major glacier is the merger
of several tributaries that extend hundreds of km
inland. Although this was observed in the par-
tial mapping of Siple Coast (14) and Pine Island
(15), this is now observed over the entire ice sheet.

Fig. 1. Antarctic ice velocity derived from ALOS PALSAR, Envisat ASAR, RADARSAT-2, and ERS-1/2
satellite radar interferometry, color-coded on a logarithmic scale, and overlaid on a MODIS mosaic of
Antarctica (22), with geographic names discussed in the text. Pixel spacing is 300 m. Projection is polar
stereographic at 71°S secant plane. Thick black lines delineate major ice divides (2). Thin black lines
outline subglacial lakes discussed in the text. Thick black lines along the coast are interferometrically
derived ice sheet grounding lines (23).
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Rignot et al. 2011 Science
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Subglacial sediment transport
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Subglacial sediment transport

Clark et al. 2018 Earth Surf. Process. Landforms
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Grounding-zone wedges

Anandakrishnan et al. 2007 Science
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Palaeo-grounding zone wedges

Bart et al. 2017 Scientific Reports
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Palaeo-grounding zone wedges

Bart et al. 2017 Scientific Reports
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Palaeo-grounding zone wedges

Dowdeswell et al. 2020 Science
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Ice-stream stabilization

Alley et al. 2007 Science
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Subglacial sediment transport

Ice

Sediment

Bedrock

?

Truffer et al. 2000 J. Glaciol
Truffer and Harrison 2006 J. Glaciol
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No model for till transport
⇓

No physically-based modeling
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Granular modeling
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Particle-scale modeling: Discrete-element method

Damsgaard et al. 2013 J. Geophys. Res.

Damsgaard et al. 2016 Geophys. Res. Lett.

Damsgaard et al. 2015 The Cryosphere

Damsgaard et al. 2017 J. Glaciol.
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Particle-scale modeling: Discrete-element method

sphere
git://adamsgaard.dk/sphere

C++, Nvidia C, cmake, Python, Paraview
massively parallel, GPGPU
detailed physics and fluid-grain coupling
20,191 LOC
3 months on nvidia tesla k40

Damsgaard et al. 2015 The Cryosphere

git://adamsgaard.dk/sphere


Introduction Granular rheology Validation Water-sediment simulations Conclusions

Continuum modeling of granular mechanics
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Phase transitions in granular materials

Houssais et al. 2015 Nat. Comm.
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Mohr Coulomb

Charles-Augustin de Coulomb, b. 1736

Christian Otto Mohr, b. 1835

Karl von Terzaghi, b. 1883

τ≤ µN +C

Iverson 2010 J. Glaciol.
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Local rheology for dense granular flows: µ(I ), Φ(I )

I =
γ̇d
p

N/ρ

Jop et al. 2005 J. Fluid Mech.:

τ= µ(I )N

µ(I ) = µs +
µ2 −µs

I0/I + 1

Pouliquen et al. 2006 J. Stat. Mech.:

Φ(I ) = Φmax − (Φmax −Φmin)I



Introduction Granular rheology Validation Water-sediment simulations Conclusions

Non-local granular fluidity rheology

γ̇= g(µ,N)µ

glocal(µ,N) =

¨
p

d2N/ρs(µ−µs)/(bµ) if µ > µs

0 if µ≤ µs

∇2g =
1

ξ2(µ)
(g − glocal)

ξ(µ) =
Ad
p

|µ−µs|

Henann and Kamrin 2013 PNAS
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CNGF-PF: Cohesive NGF w. pore fluid

∂ pf
∂ t

=
1

φµfβf
∇ · (k∇pf)
︸ ︷︷ ︸

Spatial diffusion

σ′n = σn − pf
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Model setup
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Damsgaard et al. In review
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Validation
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Mohr Coulomb
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Strain distribution
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Granular modeling: Discrete-element method vs. continuum model

sphere
git://adamsgaard.dk/sphere

C++, Nvidia C, cmake, Python, Paraview
massively parallel, GPGPU
detailed physics and fluid-grain coupling
20,191 LOC
3 months on nvidia tesla k40

1d-fd-simple-shear
git://adamsgaard.dk/1d_fd_simple_shear

C99, makefiles, gnuplot
single threaded
simple physics, simple fluid-grain coupling
2,348 LOC
70 ms on 2012 laptop

git://adamsgaard.dk/sphere
git://adamsgaard.dk/1d_fd_simple_shear
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Water-sediment simulations
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Water-sediment simulations
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Deep or shallow deformation?

ds =

√

√ k

φηfβfπf

Damsgaard et al. In review
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Deep or shallow deformation?
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Water-sediment simulations

Damsgaard et al. In review
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Next steps: Ice-water-sediment coupling
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Conclusions

• First-principles granular rheologies promising for coupled simulations

• Rheology consistent with critical-state sediment mechanics and laboratory
experiments

• Computationally lightweight compared to particle-based methods

• Towards testable field predictions of subglacial deformation and glacier dynamics
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Resources

Slides:
https://adamsgaard.dk/npub/esco2020-damsgaard.pdf

Source code:
https://src.adamsgaard.dk/1d_fd_simple_shear

Preprint: “Evolving basal slip under glaciers and ice streams”
https://arxiv.org/abs/2002.02436

https://adamsgaard.dk/npub/esco2020-damsgaard.pdf
https://src.adamsgaard.dk/1d_fd_simple_shear
https://arxiv.org/abs/2002.02436
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