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Abstract We use an ice sheet model with realistic initial conditions to forecast how the Amundsen Sea
sector of West Antarctica responds to recently observed rates of submarine melting. In these simulations,
we isolate the effects of a positive feedback, driven by submarine melt in new ocean cavities flooded
during retreat, by allowing the present climate, calving front and melting beneath existing ice shelves to
persist over the 21st century. Even without additional forcing from changes in climate, ice shelf collapse, or
ice cliff collapse, the model predicts slow, sustained retreat of West Antarctica, driven by the marine ice sheet
instability and current levels of ocean-driven melting. When observed rates of melting are included in new
subglacial ocean cavities, the simulated sea level contribution increases, and for sufficiently intense melting
it accelerates over time. Conditional Bayesian probabilities for sea level contributions can be derived but will
require improved predictions of ocean heat delivery.

1. Introduction

Recent observations have revealed intense melting in new subglacial ocean cavities that flood as thinning
Antarctic ice goes afloat [Khazendar et al., 2016]. Here we use an advanced ice sheet model [Goldberg, 2011]
to forecast how the 21st century sea level contribution from the Amundsen Sea sector of West Antarctica
depends upon this submarine melting. The model simulates velocities at all depths through the ice sheet and
begins from realistic initial conditions that include the full-depth flow field beneath the surface, derived from
data assimilation [Arthern et al., 2015].

The West Antarctic Ice Sheet is a marine ice sheet. It is grounded on rock and sediment below sea level and
attached at the grounding line to ice shelves that float on the ocean. The floating ice shelves are fed by snow
accumulation and by flow of ice from the grounded ice sheet. They lose ice by calving icebergs from their
seaward margins and by submarine melting from their base into the ocean [Rignot et al., 2013; Depoorter
et al., 2013].

Any imbalance between the snow that accumulates on the grounded ice sheet and the ice that flows across
the grounding line produces a contribution to sea level rise. For glaciers resting on terrain below sea level
that deepens toward the interior [Rignot et al., 2014], previous work has suggested retreat into deeper water
can accelerate subsequent losses [Weertman, 1974; Schoof , 2007a; Joughin et al., 2014], potentially causing an
irreversible and societally significant increase in sea level [Bamber et al., 2009; Church et al., 2013; Feldmann
and Levermann, 2015].

Determining the probability that any particular sea level contribution will be realized presently requires input
from expert judgment [Bamber and Aspinall, 2013; Ritz et al., 2015] or simplified models that do not fully
resolve the details of ice flow [Ritz et al., 2015; DeConto and Pollard, 2016]. Previous simulations have shown
that the predicted flow of ice across the grounding line depends sensitively on the resolution and mechanical
approximations employed in models [Schoof , 2007a; Cornford et al., 2015; Pattyn et al., 2013]. To robustly assess
the future behavior of West Antarctica, it is important to derive predictions using a variety of techniques.

The model used in this study [Goldberg, 2011; Arthern et al., 2015] has a more complete representation of
englacial stresses and velocities than earlier simulations of this sector [Joughin et al., 2010; Cornford et al., 2015].
The simulations build on previous work [Kamb and Echelmeyer, 1986; Blatter, 1995; Pattyn, 2002; Bueler and
Brown, 2009; Schoof and Hindmarsh, 2010; Joughin et al., 2010; Favier et al., 2014; Joughin et al., 2014; Cornford
et al., 2015; Feldmann and Levermann, 2015; Ritz et al., 2015; Golledge et al., 2015; DeConto and Pollard, 2016],
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with notable differences in model resolution, model formulation, inverse methods and other methodology
that are outlined in section 2 and the supporting information.

Feedbacks from bed topography, basal drag, ice shelf buttressing, and melting are interrelated, but it is illumi-
nating to consider their effects separately. As well as the marine ice sheet instability considered by Weertman
[1974] and Schoof [2007a], two other important feedbacks can modify the response of the ice sheet. One
is a negative feedback, wherein retreat forms larger ice shelves that provide more buttressing, restraining
the delivery of ice to the ocean [Gudmundsson et al., 2012]. A competing positive feedback is that larger ice
shelves allow more melt within the subglacial ocean cavities that flood as the thinning Antarctic ice goes
afloat. This melt can thin the ice shelves and lessen their capacity to provide the negative butressing feed-
back. This may promote and accelerate the retreat, but only if the combined effects of the positive feedbacks
outweigh the negative buttressing feedback. Here we seek to clarify the circumstances under which this can
occur and to establish whether positive or negative feedbacks are likely to dominate for typically observed
rates of submarine melt in new ocean cavities.

2. Methods

We use a wavelet-based, adaptive-grid, vertically integrated ice sheet model (WAVI) to simulate the conse-
quences of oceanographic melt for the sector of the Antarctic Ice Sheet that drains into the Amundsen sea.

The WAVI model, described in a previous paper [Arthern et al., 2015], simulates the flow of grounded and
floating ice. For melt beneath floating ice shelves to affect global sea level, the thinning of the floating ice must
propagate inland, across the grounding line that separates grounded and floating ice. The model resolves the
mechanical stresses and mass fluxes needed to simulate this process. A wavelet-based adaptive grid is used
to accelerate the calculations [Vasilyev and Kevlahan, 2005; Arthern et al., 2015].

Simulations were performed at model resolutions of 2 or 3 km. To adequately represent grounding line migra-
tion at this resolution, we implemented a subgrid parametrization of basal drag and driving stress near the
grounding line [e.g., Pattyn et al., 2006; Gladstone et al., 2012; Seroussi et al., 2014]. To allow comparison of
the grounding line dynamics in our model with other models, we performed MISMIP3D and MISMIP+ exper-
iments [Pattyn et al., 2013; Asay-Davis et al., 2015] (see the supporting information). These and other tests
described in the supporting information indicate weak sensitivity to model resolution, without requiring a
flux parametrization of the type used by lower resolution models [Schoof , 2007a; Ritz et al., 2015; DeConto and
Pollard, 2016].

Modeled retreat rates can be sensitive to how melting is applied at the grounding line [Parizek et al., 2013;
Golledge et al., 2015]. We implemented a subgrid melting parametrization and performed two sets of simula-
tions, either applying melt to partially grounded cells in proportion to their floating area fraction or restricting
all submarine melting to fully floating cells. This produces faster or slower retreat respectively, and we show
both sets of results.

Starting from an initial state that represents conditions in 2008 [Fretwell et al., 2013; Pritchard et al., 2009;
Arthern et al., 2006; Le Brocq et al., 2010; Rignot et al., 2011], we run the model forward in time for 100 years.
Basal topography is from Bedmap2 [Fretwell et al., 2013]. Englacial temperatures are fixed throughout the
simulations [Pattyn, 2010]. We apply surface mass balance from Arthern et al. [2006].

The melt rate beneath the new ice shelves is prescribed as a parameter M that we vary over the full range of
values recently observed [Khazendar et al., 2016]. To isolate the effect of melting within new ocean cavities,
temperatures and surface mass balance are held constant throughout the simulations and the calving front
is fixed at the present location. On existing ice shelves melt rates are fixed at present-day values using the
spatially variable melt rates that are needed to reproduce the observed rate of thinning [Pritchard et al., 2012],
a similar approach to previous studies [Joughin et al., 2014; Cornford et al., 2015].

Melting is stopped for any ice that goes aground. We also stop melt for ice less than 50 m in thickness to
reflect the observation that high melt rates are not sustained on thin ice shelves in the region [Rignot et al.,
2013]. Retaining ice shelves at this minimum thickness up to the present calving front would likely provide
more backstress than melange produced by disintegrating ice shelves or tidewater glaciers, so this represents
a conservative assumption that slows the retreat. We examine the sensitivity to reducing the minimum thick-
ness in the supporting information. To include the buttressing effect of unresolved ice rises [Berger et al., 2016],
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we allowed our inversion for basal drag to produce nonzero values on floating ice, where this is needed to
match the observed surface velocities. Later we consider the consequences of removing drag from these
unresolved ice rises, to simulate what would happen if some proportion of them went afloat.

Fixing all climatic variables except M at present-day values does not capture expected variability over the
21st Century but shows the impact of varying the intensity of melting in new submarine cavities under
the present climate, providing a systematic investigation of the submarine melt feedback. Three consid-
erations support this approach. First, the anticipated warming of the Southern Ocean may be delayed by
upwelling of older waters [Armour et al., 2016], so that persistence of present melt rates on existing ice
shelves can be considered a reasonable approximation for the 21st century. Second, ocean models currently
show little skill at predicting the timing of wind-driven changes in the Southern Ocean and Amundsen Sea
[Hellmer et al., 2012; Heuz et al., 2013; Cornford et al., 2015; DeConto and Pollard, 2016]. Again, this lack of
demonstrated skill favors a persistence based approach. Third, this simplified setup provides clarity as to the
potential consequences of warmer ocean water entering the new cavities because all differences between
the simulations can be attributed to the rate of submarine melting in new cavities, not some other aspect of
the forcing.

The simulations of the 21st century start from a realistic initial state defined using data assimilation meth-
ods [Arthern et al., 2015]. They show how the contribution to sea level varies as a function of the prescribed
melt rate M when other quantities are held fixed. The simulated loss of grounded ice is separated into two
components: one from melting that is already occurring beneath existing ice shelves, with no submarine
melting feedback, and another from melting within the subglacial ocean cavities that flood as the ground-
ing line retreats. We attribute this additional component of the sea level contribution to the submarine
melting feedback.

3. Results

We ran the model with five different melt rates in new cavities: M = [0, 10, 20, 50, 100] m a−1. All are within
the range of values observed in this sector of Antarctica [Khazendar et al., 2016]. Middle and lower panels of
Figure 1 show the ice sheet geometry after 100 years of simulation for three different melt rates: (middle left,
lower left) M = 0 m a−1; (middle middle, lower middle) M = 20 m a−1; (middle right, lower right) M=100 m a−1.
For the middle panels no melting was applied to partially grounded cells. For lower panels melting was applied
in proportion to the floating area fraction. An animated version of this figure showing the retreat is included
in the supplementary material. Figure 2 shows (a) the rate of sea level contribution Ṡ(t;M) at time t since the
start of the simulation for the five different prescribed melt rates M and (b) the cumulative contribution S(t;M)
to sea level from these simulations.

When melting is restricted to fully floating cells, retreat rates are generally lower than when melt is also applied
to partially grounded cells. For M = [0, 10, 20, 50, 100] m a−1, the sea level contributions over the century are,
respectively, [8, 8, 8, 14, 29] mm when melt is restricted to fully floating cells and [10, 16, 26, 91, 339] mm when
melt is applied to partially grounded cells.

The simulation with M = 0 m a−1 exhibits sustained retreat, contributing about 10 mm to sea level rise over the
21st Century. Extending this simulation to 400 years, the retreat continues, contributing 22.5 mm to sea level
without reaching a stable configuration. This suggests the ice sheet is not presently in a stable equilibrium
with recent climate forcing nor within 400 years of reaching one. This supports the argument that a sustained
retreat of this sector of Antarctica may already be underway [Joughin et al., 2014]. For M = 0 m a−1, the retreat
does not accelerate but slows over time, perhaps because increased buttressing compensates for retreat into
deeper water [Gudmundsson et al., 2012].

In general, the sea level contribution is an increasing, nonlinear function of the melt rate M imposed in new
cavities. For simulations with melt restricted to fully floating cells there is low sensitivity to increasing melt
rates M in new subglacial cavities until M = 50 m a−1, beyond which the simulated sea level contribution
triggered by melting in the new cavities accelerates over time. When melting of partially grounded cells is
included, the sea level contribution accelerates for melt rates as low as 10 m a−1. In both cases, the simulations
reveal a threshold value of M beyond which the sea level contribution accelerates over time. For larger melt
rates, retreat into the deeper subglacial terrain of West Antarctica and the lengthening of the grounding line
seen in Figure 1 are important feedbacks that promotes more rapid loss of grounded ice.
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Figure 1. (top row) Model domain and initial state from data assimilation. Elevation contours are at 200 m intervals. Colors show surface velocities (m a−1).
(middle row) Simulated ice sheet geometry after 100 years of simulation for different prescribed melt rates M applied in new ocean cavities but not to partially
grounded cells (colors show cumulative change in elevation (m) and floating ice shelves are shaded gray): M = 0 m a−1 (middle left); M = 20 m a−1 (middle
middle); and M = 100 m a−1 (middle right); (bottom row) Same as for Figure 1 (middle row) but with melting applied in proportion to floating area fraction for
partially grounded cells. The vertical scale is exaggerated in isometric views: steeply sloping conical features show mountains and rock outcrops.
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Figure 2. (top left) Simulated values for the rate of sea level contribution Ṡ(t;M) at time t, for different prescribed melt rates M applied in new ocean cavities
but not to partially grounded cells: (blue) M = 0 m a−1; (green) M = 10 m a−1; (cyan) M = 20 m a−1; (magenta) M = 50 m a−1; (red) M = 100 m a−1. (top right)
Simulated values for the cumulative contribution to sea level S(t;M) up to time t, with the same values of M represented by the same colors. (bottom row) Same
as for Figure 2 (top row) but with melting applied in proportion to floating area fraction for partially grounded cells. The inset figure shows an expanded
vertical scale.

Figure 3 (top left) shows Bayesian probabilities p(S> S∗) of exceeding a particular sea level contribution S∗ at
time t. These probabilities are conditional on the applied forcing, so they apply if the calving front, surface
mass balance, and other climate-related parameters remain fixed. They were derived using an exponential
prior for M with mean M̄ = 16 m a−1, which is comparable to observations of submarine melt rates beneath
nearby ice shelves [Rignot et al., 2013; Depoorter et al., 2013]. This prior assigns probabilities of exceeding melt
rates M = [0, 10, 20, 50, 100] m a−1 of, respectively, [1, 0.54, 0.29, 0.044, 0.0019]. For more details of the prior
distribution see the supporting information [also Jaynes, 2003; Arthern, 2015]. Given the current planetary
energy imbalance and projected heat uptake by the oceans [Church et al., 2013], melt may increase in the
future. Figure 3 (top right) shows probabilities for an exponential prior with mean M̄=32 m a−1, similar to the
average of observed values in regions where warm water incursion has occurred [Khazendar et al., 2016]. This
test shows that doubling the expected melt rate M̄ would cause a particular probability for exceeding any
given sea level contribution to occur earlier in time. This inverse relationship follows from results shown in
Figure S5. Figure 3 (bottom row) shows results for the same two values of average melt rate, but corresponding
to immediate floatation of all unresolved ice rises at the start of the simulation. Again, this causes any particular
probability for exceeding any given sea level contribution to be exceeded earlier in time.

Because of the wider spread of melt rate values applied in our sensitivity experiment, and other differences
in experimental design, it does not seem surprising that we obtain a wider spread than other studies of the
Amundsen Sea sector forced by melt perturbations, for example, 0 to 50 mm [Cornford et al., 2015] and 0 to
18 mm [Feldmann and Levermann, 2015]. We simulated the full spread of observed melt rates, but the prior
probabilities that we assign consider values M> 50 m a−1 unlikely. Until future melt rates and the timing of
ice rise floatation can be better constrained, the probabilities of Figure 3 remain provisional. In supporting
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Figure 3. Conditional probability of exceeding a specified sea level contribution at different times if no melt is applied to partially grounded cells and the
calving front, surface mass balance and other climate-related parameters remain fixed. The prior distribution for submarine melt rate in new ocean cavities is an
exponential distribution with mean M̄. Probabilities are shown, conditional on four different assumptions: (top left) M̄ = 16 m a−1, no floatation of unresolved ice
rises; (top right) M̄ = 32 m a−1, no floatation of unresolved ice rises; (bottom left) M̄ = 16 m a−1, immediate floatation of unresolved ice rises; and (bottom right)
M̄ = 32 m a−1, immediate floatation of unresolved ice rises. Contributions shown in black would require melt rates to decrease, basal drag coefficients to
increase, or surface mass balance to increase.

information Figure S6, we show that applying melting to partially grounded cells can also change the
probabilities by more than an order of magnitude relative to those shown in Figure 3.

The results are sensitive to whether melting is applied or not within partially grounded cells. Despite weak
dependence on grid size, this may indicate failure to adequately resolve interactions between melting and
basal drag close to the grounding line. If so, this is a noteworthy source of uncertainty. We expect at least
some melting close to the grounding line, so not applying melt for partially grounded cells seems likely to
underestimate the retreat rate, especially as melting near the grounding line can be effective at driving retreat
[Walker et al., 2008]. Conversely, applying melt to partially grounded cells may promote retreat that should
not occur, since it allows submarine melt to drive floatation and loss of basal drag [Golledge et al., 2015].

Physically, some interaction between melting and basal drag may be expected [Parizek et al., 2013]. Retreat
rates may prove to be sensitive to whether oceanic melting can thin the ice upstream of discrete pinning
points that support basal drag, allowing them to go afloat. Sediment cores collected beneath Pine Island ice
shelf indicate that this is a viable mechanism for loss of basal drag and acceleration of retreat [Smith et al.,
2017]. For now, the degree to which this mechanism applies at the subgrid scale remains uncertain, so it is
not clear how much melting, if any, should be applied to the partially grounded cells. Theory to homogenize
basal drag and submarine melting over a grounding zone with isolated pinning points would be useful, as
would direct observations of submarine melt and basal shear close to the grounding line.

Reliable probabilistic forecasts will need additional information about the influential processes identi-
fied in our simulations and more consideration of the effects of spatial variations in submarine melting
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[Walker et al., 2008; Gagliardini et al., 2010]. We did not include glacial isostatic adjustment or gravitational
feedbacks. Under our conservative forcing we have not included climatic variations, changes to the calving
front [Fürst et al., 2016], changes to basal drag caused by altered subglacial hydrology, or hydrofracture and
ice cliff failure [DeConto and Pollard, 2016]. These processes all merit further investigation.

The behavior seen in the simulations is characteristic of tipping elements in the Earth system [Lenton et al.,
2008] but indicates that accelerating loss of ice from West Antarctica is not driven purely by the mechanical
marine ice sheet instability considered by Weertman [1974] and Schoof [2007b]. The retreat accelerates only if
melting within new cavities exceeds some threshold, so that positive feedbacks outweigh negative feedbacks.
In our simulations melting does not trigger an instability in a previously stable ice sheet, but it lessens the
negative feedback produced by buttressing as the ice sheet retreats. Melt in excess of the threshold restores
the marine ice sheet instability that is inherent in the system but would otherwise be masked by buttressing.
This produces more retreat, more floatation, and yet more melt. Over time, the nonlinearity of this response
can significantly increase the rate of sea level rise.

Loss of grounded ice increases monotonically with the melt rate M for all values considered here. This suggests
that retreat is limited by supply of heat from the ocean, not some timescale inherent to ice dynamics. This
highlights the importance of simulating accurately the timing of heat delivery from the ocean to the ice sheet
over the 21st Century [Hellmer et al., 2012; Armour et al., 2016]. Observations or modeling that constrain melt
rates will be extremely valuable in assessing the risk of sea level rise over the 21st century.

References
Armour, K. C., J. Marshall, J. R. Scott, A. Donohoe, and E. R. Newsom (2016), Southern Ocean warming delayed by circumpolar upwelling and

equatorward transport, Nat. Geosci., 9(7), 549–554, doi:10.1038/ngeo2731.
Arthern, R., D. Winebrenner, and D. Vaughan (2006), Antarctic snow accumulation mapped using polarization of 4.3-cm wavelength

microwave emission, J. Geophys. Res., 111, D06107, doi:10.1029/2004JD005667.
Arthern, R. J. (2015), Exploring the use of transformation group priors and the method of maximum relative entropy for Bayesian

glaciological inversions, J. Glaciol., 61(229), 947–962, doi:10.3189/2015JoG15J050.
Arthern, R. J., R. C. A. Hindmarsh, and C. R. Williams (2015), Flow speed within the Antarctic ice sheet and its controls inferred from satellite

observations, J. Geophys. Res. Earth Surface, 120, 1171–1188, doi:10.1002/2014JF003239.
Asay-Davis, X. S., et al. (2015), Experimental design for three interrelated marine ice-sheet and ocean model intercomparison projects,

Geosci. Model Dev. Discuss., 8, 9859–9924, doi:10.5194/gmdd-8-9859-2015.
Bamber, J. L., and W. P. Aspinall (2013), An expert judgement assessment of future sea level rise from the ice sheets, Nat. Clim. Change, 3(4),

424–427, doi:10.1038/nclimate1778.
Bamber, J. L., R. E. M. Riva, B. L. A. Vermeersen, and A. M. LeBrocq (2009), Reassessment of the potential sea-level rise from a collapse of the

West Antarctic Ice Sheet, Science, 324(5929), 901–903, doi:10.1126/science.1169335.
Berger, S., L. Favier, R. Drews, J.-J. Derwael, and F. Pattyn (2016), The control of an uncharted pinning point on the flow of an Antarctic ice

shelf, J. Glaciol., 62, 37–45, doi:10.1017/jog.2016.7.
Blatter, H. (1995), Velocity and stress-fields in grounded glaciers—A simple algorithm for including deviatoric stress gradients, J. Glaciol.,

41(138), 333–344.
Bueler, E., and J. Brown (2009), Shallow shelf approximation as a “sliding law” in a thermomechanically coupled ice sheet model, J. Geophys.

Res., 114, F03008, doi:10.1029/2008JF001179.
Church, J., et al. (2013), Sea Level Change. In Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the

Fifth Assessment Report of the Intergovernmental Panel on Climate Change, book section 13, pp. 1137–1216, Cambridge Univ. Press,
Cambridge, U. K., and New York.

Cornford, S. L., et al. (2015), Century-scale simulations of the response of the West Antarctic Ice Sheet to a warming climate, Cryosphere
Discuss., 9(2), 1887–1942, doi:10.5194/tcd-9-1887-2015.

DeConto, R. M., and D. Pollard (2016), Contribution of Antarctica to past and future sea-level rise, Nature, 531, 591–597.
Depoorter, M. A., J. L. Bamber, J. A. Griggs, J. T. M. Lenaerts, S. R. M. Ligtenberg, M. R. van den Broeke, and G. Moholdt (2013), Calving fluxes

and basal melt rates of Antarctic ice shelves, Nature, 502(7469), 89–92, doi:10.1038/nature12567.
Favier, L., G. Durand, S. Cornford, G. Gudmundsson, O. Gagliardini, F. Gillet-Chaulet, T. Zwinger, A. Payne, and A. Le Brocq (2014), Retreat of

Pine Island Glacier controlled by marine ice-sheet instability, Nat. Clim. Change, 4(2), 117–121, doi:10.1038/nclimate2094.
Feldmann, J., and A. Levermann (2015), Collapse of the West Antarctic Ice Sheet after local destabilization of the Amundsen Basin, Proc. Natl.

Acad. Sci. U.S.A., 112(46), 14,191–14,196, doi:10.1073/pnas.1512482112.
Fretwell, P., et al. (2013), Bedmap2: Improved ice bed, surface and thickness datasets for Antarctica, Cryosphere, 7(1), 375–393,

doi:10.5194/tc-7-375-2013.
Fürst, J. J., G. Durand, F. Gillet-Chaulet, L. Tavard, M. Rankl, M. Braun, and O. Gagliardini (2016), The safety band of Antarctic ice shelves,

Nat. Clim. Change, 6(5), 479–482.
Gagliardini, O., G. Durand, T. Zwinger, R. C. A. Hindmarsh, and E. Le Meur (2010), Coupling of ice-shelf melting and buttressing is a key

process in ice-sheets dynamics, Geophys. Res. Lett., 14, L14501, doi:10.1029/2010GL043334.
Gladstone, R. M., A. J. Payne, and S. L. Cornford (2012), Resolution requirements for grounding-line modelling: Sensitivity to basal drag and

ice-shelf buttressing, Ann. Glaciol., 53(60), 97–105, doi:10.3189/2012AoG60A148.
Goldberg, D. N. (2011), A variationally derived, depth-integrated approximation to a higher-order glaciological flow model, J. Glaciol.,

57(201), 157–170.
Golledge, N. R., D. E. Kowalewski, T. R. Naish, R. H. Levy, C. J. Fogwill, and E. G. W. Gasson (2015), The multi-millennial Antarctic commitment

to future sea-level rise, Nature, 526(7573), 421–425, doi:10.1038/nature15706.

Acknowledgments
The research was funded by the
Natural Environment Research Council,
including NERC grant NE/L005212/1
and the British Antarctic Survey
’Polar Science for Planet Earth’
Programme. We are extremely grateful
to providers of satellite data: we
used velocity data from E. Rignot,
J. Mouginot, and B. Scheuchl. 2011.
MEaSUREs InSAR-Based Antarctica Ice
Velocity Map. Boulder, Colorado USA:
National Snow and Ice Data Center
(https://doi.org/10.5067/MEASURES/
CRYOSPHERE/nsidc-0484.001); we
used rates of elevation change
from H. Pritchard’s processing of
NASA ICESat elevation data (ICESat
elevation data are available at
http://nsidc.org/data/icesat/index.html).
ALBMAP and Bedmap2 data sets are
at http://doi.pangaea.de/10.1594/
PANGAEA.734145 and https://secure.
antarctica.ac.uk/data/bedmap2/
respectively. We acknowledge very
useful discussions with Richard
Hindmarsh, Hilmar Gudmundsson,
and Dan Goldberg. We are extremely
grateful to Stephen Cornford
and an anonymous reviewer for
suggestions that led to numerous
improvements in the paper.

ARTHERN AND WILLIAMS WEST ANTARCTIC SUBMARINE MELT FEEDBACK 2358

http://dx.doi.org/10.1038/ngeo2731
http://dx.doi.org/10.1029/2004JD005667
http://dx.doi.org/10.3189/2015JoG15J050
http://dx.doi.org/10.1002/2014JF003239
http://dx.doi.org/10.5194/gmdd-8-9859-2015
http://dx.doi.org/10.1038/nclimate1778
http://dx.doi.org/10.1126/science.1169335
http://dx.doi.org/10.1017/jog.2016.7
http://dx.doi.org/10.1029/2008JF001179
http://dx.doi.org/10.5194/tcd-9-1887-2015
http://dx.doi.org/10.1038/nature12567
http://dx.doi.org/10.1038/nclimate2094
http://dx.doi.org/10.1073/pnas.1512482112
http://dx.doi.org/10.5194/tc-7-375-2013
http://dx.doi.org/10.1029/2010GL043334
http://dx.doi.org/10.3189/2012AoG60A148
http://dx.doi.org/10.1038/nature15706
https://doi.org/10.5067/MEASURES/CRYOSPHERE/nsidc-0484.001
https://doi.org/10.5067/MEASURES/CRYOSPHERE/nsidc-0484.001
http://doi.pangaea.de/10.1594/PANGAEA.734145
http://doi.pangaea.de/10.1594/PANGAEA.734145
https://secure.antarctica.ac.uk/data/bedmap2/
https://secure.antarctica.ac.uk/data/bedmap2/


Geophysical Research Letters 10.1002/2017GL072514

Gudmundsson, G. H., J. Krug, G. Durand, L. Favier, and O. Gagliardini (2012), The stability of grounding lines on retrograde slopes,
The Cryosphere, 6(6), 1497–1505, doi:10.5194/tc-6-1497-2012.

Hellmer, H. H., F. Kauker, R. Timmermann, J. Determann, and J. Rae (2012), Twenty-first-century warming of a large Antarctic ice-shelf cavity
by a redirected coastal current, Nature, 485(7397), 225–228, doi:10.1038/nature11064.

Heuz, C., K. J. Heywood, D. P. Stevens, and J. K. Ridley (2013), Southern Ocean bottom water characteristics in CMIP5 models, Geophys. Res.
Lett., 40, 1409–1414, doi:10.1002/grl.50287.

Jaynes, E. T. (2003), Probability Theory : The Logic of Science, Cambridge Univ. Press, Cambridge, U. K., and New York.
Joughin, I., B. E. Smith, and D. M. Holland (2010), Sensitivity of 21st century sea level to ocean-induced thinning of Pine Island Glacier,

Antarctica, Geophys. Res. Lett., 37, L20502, doi:10.1029/2010GL044819.
Joughin, I., B. E. Smith, and B. Medley (2014), Marine ice sheet collapse potentially under way for the Thwaites Glacier Basin, West Antarctica,

Science, 344(6185), 735–738, doi:10.1126/science.1249055.
Kamb, B., and K. A. Echelmeyer (1986), Stress-gradient coupling in glacier flow: I. Longitudinal averaging of the influence of ice thickness

and surface slope, J. Glaciol., 32(111), 267–284.
Khazendar, A., E. Rignot, D. M. Schroeder, H. Seroussi, M. P. Schodlok, B. Scheuchl, J. Mouginot, T. C. Sutterley, and I. Velicogna (2016), Rapid

submarine ice melting in the grounding zones of ice shelves in West Antarctica, Nat. Commun., 7, 13243.
Le Brocq, A. M., A. J. Payne, and A. Vieli (2010), An improved Antarctic dataset for high resolution numerical ice sheet models (ALBMAP v1),

Earth Syst. Sci. Data, 2, 247–260.
Lenton, T. M., H. Held, E. Kriegler, J. W. Hall, W. Lucht, S. Rahmstorf, and H. J. Schellnhuber (2008), Tipping elements in the Earth’s climate

system, Proc. Natl. Acad. Sci., 105(6), 1786–1793, doi:10.1073/pnas.0705414105.
Parizek, B. R., et al. (2013), Dynamic (in)stability of Thwaites Glacier, West Antarctica, J. Geophys. Res. Earth Surface, 118, 638–655,

doi:10.1002/jgrf.20044.
Pattyn, F. (2002), Transient glacier response with a higher-order numerical ice-flow model, J. Glaciol., 48(162), 467–477,

doi:10.3189/172756502781831278.
Pattyn, F. (2010), Antarctic subglacial conditions inferred from a hybrid ice sheet/ice stream model, Earth Planet. Sci. Lett., 295(3–4),

451–461, doi:10.1016/j.epsl.2010.04.025.
Pattyn, F., A. Huyghe, S. De Brabander, and B. De Smedt (2006), Role of transition zones in marine ice sheet dynamics, J. Geophys. Res., 111,

F02004, doi:10.1029/2005JF000394.
Pattyn, F., et al. (2013), Grounding-line migration in plan-view marine ice-sheet models: Results of the ice2sea MISMIP3d intercomparison,

J. Glaciol., 215(59), 410–422, doi:10.3189/2013JoG12J129.
Pritchard, H., S. Ligtenberg, H. Fricker, D. Vaughan, M. van den Broeke, and L. Padman (2012), Antarctic ice-sheet loss driven by basal melting

of ice shelves, Nature, 484(7395), 502–505.
Pritchard, H. D., R. J. Arthern, D. G. Vaughan, and L. A. Edwards (2009), Extensive dynamic thinning on the margins of the Greenland and

Antarctic ice sheets, Nature, 461(7266), 971–975, doi:10.1038/nature08471.
Rignot, E., J. Mouginot, and B. Scheuchl (2011), Ice flow of the Antarctic ice sheet, Science, 333(6048), 1427–1430,

doi:10.1126/science.1208336.
Rignot, E., S. Jacobs, J. Mouginot, and B. Scheuchl (2013), Ice-shelf melting around Antarctica, Science, 341(6143), 266–270,

doi:10.1126/science.1235798.
Rignot, E., J. Mouginot, M. Morlighem, H. Seroussi, and B. Scheuchl (2014), Widespread, rapid grounding line retreat of Pine Island, Thwaites,

Smith, and Kohler glaciers, West Antarctica, from 1992 to 2011, Geophys. Res. Lett., 41, 3502–3509, doi:10.1002/2014GL060140.
Ritz, C., T. L. Edwards, G. Durand, A. J. Payne, V. Peyaud, and R. C. A. Hindmarsh (2015), Potential sea-level rise from Antarctic ice-sheet

instability constrained by observations, Nature, 528, 115–118, doi:10.1038/nature16147.
Schoof, C. (2007a), Marine ice-sheet dynamics. Part 1. The case of rapid sliding, J. Fluid Mech., 573, 27–55, doi:10.1017/S0022112006003570.
Schoof, C. (2007b), Ice sheet grounding line dynamics: Steady states, stability, and hysteresis, J. Geophys. Res., 112,

doi:10.1029/2006JF000664.
Schoof, C., and R. C. A. Hindmarsh (2010), Thin-Film Flows with Wall Slip: An asymptotic analysis of higher order glacier flow models,

Q. J. Mech. Appl. Math., 63(1), 73–114, doi:10.1093/qjmam/hbp025.
Seroussi, H., M. Morlighem, E. Larour, E. Rignot, and A. Khazendar (2014), Hydrostatic grounding line parameterization in ice sheet models,

The Cryosphere, 8(6), 2075–2087, doi:10.5194/tc-8-2075-2014.
Smith, J. A., et al. (2017), Sub-ice-shelf sediments record history of twentieth-century retreat of pine island glacier, Nature, 541(7635), 77–80.
Vasilyev, O., and N. Kevlahan (2005), An adaptive multilevel wavelet collocation method for elliptic problems, J. Comp. Phys., 206(2),

412–431, doi:10.1016/j.jcp.2004.12.013.
Walker, R. T., T. K. Dupont, B. R. Parizek, and R. B. Alley (2008), Effects of basal-melting distribution on the retreat of ice-shelf grounding lines,

Geophys. Res. Lett., 35, L17503, doi:10.1029/2008GL034947.
Weertman, J. (1974), Stability of the junction between an ice sheet and an ice shelf, J. Glaciol., 13, 3–11.

ARTHERN AND WILLIAMS WEST ANTARCTIC SUBMARINE MELT FEEDBACK 2359

http://dx.doi.org/10.5194/tc-6-1497-2012
http://dx.doi.org/10.1038/nature11064
http://dx.doi.org/10.1002/grl.50287
http://dx.doi.org/10.1029/2010GL044819
http://dx.doi.org/10.1126/science.1249055
http://dx.doi.org/10.1073/pnas.0705414105
http://dx.doi.org/10.1002/jgrf.20044
http://dx.doi.org/10.3189/172756502781831278
http://dx.doi.org/10.1016/j.epsl.2010.04.025
http://dx.doi.org/10.1029/2005JF000394
http://dx.doi.org/10.3189/2013JoG12J129
http://dx.doi.org/10.1038/nature08471
http://dx.doi.org/10.1126/science.1208336
http://dx.doi.org/10.1126/science.1235798
http://dx.doi.org/10.1002/2014GL060140
http://dx.doi.org/10.1038/nature16147
http://dx.doi.org/10.1017/S0022112006003570
http://dx.doi.org/10.1029/2006JF000664
http://dx.doi.org/10.1093/qjmam/hbp025
http://dx.doi.org/10.5194/tc-8-2075-2014
http://dx.doi.org/10.1016/j.jcp.2004.12.013
http://dx.doi.org/10.1029/2008GL034947

	Abstract
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


