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Abstract

Future changes in Antarctic ice discharge will be largely controlled by the fate of the
floating ice shelves, which exert a back-stress onto Antarctica’s marine outlet glaciers.
Ice loss in response to warming of the Amundsen Sea has been observed and investi-
gated as a potential trigger for the marine ice-sheet instability. Recent observations and5

simulations suggest that the Amundsen Sea Sector might already be unstable which
would have strong implications for global sea-level rise. At the same time, regional
ocean projections show much stronger warm-water intrusion into ice-shelf cavities in
the Weddell Sea compared to the observed Amundsen warming. Here we present re-
sults of numerical ice sheet modelling with the Parallel Ice Sheet Model (PISM) which10

show that idealized, step-function type ocean warming in the Weddell Sea leads to
more immediate ice discharge with a higher sensitivity to small warming levels than the
same warming in the Amundsen Sea. This is consistent with the specific combination
of bedrock and ice topography in the Weddell Sea Sector which results in an ice sheet
close to floatation. In response to even slight ocean warming, ice loss increases rapidly,15

peaks and declines within one century. While the cumulative ice loss in the Amundsen
Sea Sector is of similar magnitude after five centuries of continued warming, ice loss
increases at a slower pace and only for significantly higher warming levels. Although
there is more marine ice stored above sea level in close vicinity of the grounding line
compared to the Weddell Sea Sector, the ice sheet is farther from floatation and the20

grounding line initially retreats more slowly.

1 Introduction

Projecting sea-level rise for the next centuries requires a deep understanding of the
physical processes involved and remains a major challenge for climate-change re-
search. One of the biggest uncertainties lies within the dynamic contribution from the25

Antarctic Ice Sheet, especially the marine sectors (Bamber et al., 2009; Joughin and
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Alley, 2011; Rignot et al., 2011) and the ocean-ice interaction beneath the buttressing
ice shelves (Dupont and Alley, 2005; Pritchard and Ligtenberg, 2012). Loss of buttress-
ing as a result of increased sub-shelf melting can lead to grounding line retreat, but the
bed topography cannot serve as the sole factor for the determination of glacial re-
sponse in a real three-dimensional system (e.g., Gudmundsson, 2013; Gudmundsson5

et al., 2012).
Significant warming of the Amundsen Sea (Jacobs et al., 2011) and the ongoing

changes (Favier et al., 2014; Jenkins et al., 2010; Joughin et al., 2014; Mouginot et al.,
2014; Rignot et al., 2014; Shepherd et al., 2002) of Pine Island and Thwaites Glaciers
have put the Amundsen Sea Sector into special focus (Docquier et al., 2014; Parizek10

et al., 2013). And while observations in the Weddell Sea Sector show that the Filchner
Ronne Ice Shelf is currently thickening (Shepherd et al., 2010), regional ocean-sea-ice
projections (Hellmer et al., 2012) indicate the possibility of an abrupt warming of the
surrounding waters by more than 2 K within the 21st century, due to the elimination of
a protective oceanic front that currently shields the ice-shelf cavity from warmer Antarc-15

tic circumpolar waters. The Institute and Möller Glaciers feeding the Filchner Ronne Ice
Shelf are located in a basin with a steep reverse bed slope showing few small-scale
topographic features which could halt retreat of the grounding line between grounded
ice sheet and floating ice shelf (Ross et al., 2012). Within the group of ice streams
feeding the Filchner Ronne Ice Shelf, these glaciers have been identified as the ones20

most quickly responding to melting at their grounding lines by a recent modelling study
(Wright et al., 2014). Reconstructions based on radio-echo sounding suggest that this
area might have been ocean floor during the last interglacial (Bingham and Siegert,
2009; Joughin et al., 2006), indicating that potential significant grounding-line retreat is
not unprecedented.25

Here, we compare the response of the Antarctic Ice Sheet to idealized, step-function
type ocean warming in the Weddell and Amundsen Sea Sectors. The ice- and bedrock
topographies for the two associated West Antarctic gateways are very specific (Fig. 1).
Both regions exhibit a reverse bed slope and are thereby potentially prone to a marine
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ice-sheet instability. One major difference lies in the specific combination of bed deep-
ness and ice thickness: while a large area of the ice sheet in the Weddell Sea Sector
(namely the Institute and Möller Glaciers flowing around the Bungenstock Ice Rise) is
currently close to floatation such that comparatively small changes in ice thickness at
the grounding line lead to its retreat, this is not the case in the Amundsen Sea Sector.5

Although the steep ice surface slope there results in a huge amount of ice stored above
sea level in close vicinity to the grounding line, that very ice needs to get into motion
first in order to reach the floatation criterion before contributing to sea-level rise.

2 Experiments

In order to identify which aspect of this differing ice- and bedrock topography domi-10

nates, we investigate the ice-dynamic response of these two basins to an idealized
step-function type ocean warming using the Parallel Ice Sheet Model (PISM, Bueler
and Brown, 2009; Martin et al., 2011; Winkelmann et al., 2011). In order to capture ice-
model uncertainty, an ensemble of 22 parameter combinations and resolutions from
24 to 2.5 km are used. Simulations are started from a set of steady states which dif-15

fer in the model parameters governing basal resistance and ice softness but give the
best match to observed grounding-line positions in both Weddell and Amundsen Sea
Sectors within a wider range of parameters (see Appendix A3). The qualitative fea-
tures of the ice surface gradients of Institute and Möller Glaciers (comparatively flat)
and Thwaites Glacier (steepest near the grounding line) are well-captured (Fig. 1c and20

d), although the initial ice thickness in the former ice streams is overestimated; possi-
ble consequences are discussed below. Both gateways are investigated for the entire
ice-parameter ensemble within the same model set-up allowing for direct comparison
at 12 km resolution, while a limitation to representative ensemble members and a re-
gional setup was necessary due to computational constraints for the simulations with25

5 and 2.5 km resolution. The model uncertainty resulting from the range of tested ice
model parameters, however, is bigger than that from the range of resolutions, which
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is spanning almost one order of magnitude (see Appendix A1 and A3). So while the
question of resolution is certainly crucial for model-based projections, the uncertainty
of model results is also heavily impacted by the choice of ice model parameters. We
aim to show the full uncertainty within PISM by varying both, ice model parameters
and resolutions, for our strictly comparative type of analysis that is not meant to be5

understood as a projection.
At resolutions of 2.5 to 5 km, the dynamic representation of the transition zone

and the sub-grid treatment of the grounding line allow for a qualitative (i.e. “shape
of the curve” regarding time and forcing dependence) representation of the grounding-
line motion as apparent from the comparison with available full-Stokes simulations of10

grounding-line motion (Feldmann et al., 2014; Pattyn et al., 2013) (for more details see
Appendix A1). In a set of simple forcing experiments, a step change in ocean tem-
peratures between 0.1 and 2 K is instantaneously switched on in each sector and the
additional discharge in terms of sea-level-relevant ice loss is compared.

3 Results15

We find that the same ocean warming leads to fundamentally different responses of
the two sectors. The strongest response in terms of the rate of sea-level rise (Fig. 2)
occurs within the first century in the Weddell Sea Sector and is associated with rapid
grounding-line retreat, mostly along the Institute and Möller Glaciers (Fig. 1a). The
same warming of the Amundsen Sea initiates comparatively slow grounding-line retreat20

of Thwaites Glacier at first, followed by increasing rates of ice loss as the grounding
line eventually moves deeper into Central West Antarctica.

The sensitivity of ice loss to the strength of ocean warming also fundamentally differs
for the two gateways (Fig. 3). We observe strong incremental ice loss per degree of
warming in the Weddell Sea Sector for warming levels up to 0.8 K (Fig. 3a). Especially25

for very low warming levels of up to 0.3 K, the grounding lines retreat significantly, in
particular for the Institute and Möller Glaciers (Fig. 3b). Beyond 0.8 K, additional ice
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loss is less pronounced and it occurs through the topographically stronger constrained
Evans and Rutford ice streams. The situation is different for Amundsen Sea warming.
While ice loss after five centuries is negligible for warming levels up to 0.9 K (Fig. 3c)
because the grounding line does not significantly retreat (Fig. 3d), strong incremental
ice loss per degree of ocean warming is triggered beyond 0.9 K.5

4 Discussion

The vulnerability of an ice sheet in terms of susceptibility to positive feedbacks asso-
ciated with grounding line retreat is – for our experimental setup – not a question of
self-sustained ice loss, which occurs over much longer time scales (Mengel and Lev-
ermann, 2014). We rather test the vulnerability to continued forcing, the “gear” that10

translates warmer ocean waters into loss of buttressing, increased ice discharge and
grounding line retreat (Drouet et al., 2013). We propose that this gear is inter alia char-
acterized by the specific combination of ice- and bedrock topography of the gateways
where the major ice streams flow into the ocean. Figure 1 visualizes the grounding-
line migration for representative ensemble members with 5 km resolution and 2 K of15

ocean warming. In the Weddell Sea Sector, the overdeepening below Institute and
Möller Glaciers is associated with an ice sheet just thin enough to be close to floata-
tion (Fig. 4). This means that even slight changes in ice thickness at the grounding
line lead to its retreat, exposing the underside of the newly formed ice shelf to the
continuing forcing by warm ocean waters, leading to further thinning and retreat. This20

mechanism ultimately results in high rates of sea-level rise: although the amount of
ice above floatation is limited near the grounding line, the speed of grounding line re-
treat over-compensates this limitation. In the Amundsen Sea Sector, by contrast, the
ice sheet upstream of the grounding line is characterized by a steep surface gradient.
Therefore, although there is a comparably pronounced overdeepening of the bedrock,25

the ice sheet has to thin considerably more in order to reach floatation such that the
grounding line can retreat. This argumentation supports the assertion that the overesti-
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mation of the initial ice thickness in Institute and Möller Glaciers reduces the simulated
speed of grounding line retreat and therefore counteracts the reported high rate of ice
loss, although the effect is difficult to quantify.

Other possible reasons for the different consequences of Weddell and Amundsen
Sea warming include basal resistance, ice hardness and differences in ice shelf but-5

tressing. While it has been argued that basal resistance is slightly larger in Thwaites
Glacier than in the Institute Möller Basin (Joughin et al., 2006, 2009; Ross et al., 2012)
this is not the case in our simulations, which compute basal resistance according to
a pseudo-plastic sliding law involving yield stress of saturated till (Fig. 5). Therefore, it
is possible that basal resistance in reality plays an amplifying role and further increases10

the effect discussed here; it is, however, unlikely to counter it. The same line of reason-
ing applies to the modeled vertically averaged hardness (Fig. 6), which is larger in the
Weddell Sea Sector and can thereby not explain the effect.

The thick and confined Filchner Ronne Ice Shelf has the potential to exert more
buttressing than the ice shelves in the Amundsen Sea Embayment, such that its disin-15

tegration could imply a stronger dynamical disruption. However, we chose not to com-
pare the ice response of the different gateways to the same hypothetical reduction in
buttressing, but rather compare the ice response to the same change in ocean temper-
ature, and let the response of the ice shelves and therefore the ice sheet be determined
by – if not elaborated but at least plausible – basic physical principles (compare Ap-20

pendix A2). Even if it was possible to accurately compare simulations based on the
relative increase in actual sub-shelf melting instead of ocean temperature, one can
estimate that the qualitative and quantitative difference of the ice response would re-
main. The ratio of actual ice thickness and floatation ice thickness is apparently a good
measure for the grounding line retreat that can be expected for continued warm-water25

forcing (Fig. 4): ice that is thinner than about 160 % of the floatation ice thickness is
likely to get afloat within one century of 2 K warm-water forcing.
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5 Conclusions

While it cannot be claimed that PISM represents the temporal evolution of the ice re-
sponse to ocean warming in a quantitatively accurate way, the qualitative difference
between the Weddell and Amundsen Sea Sectors can be explained by the different
ice- and bedrock topography which is independent of the specific representation of5

the ice-dynamics in the model. Our results are not to be understood as a projection,
mainly because of the experimental setup of step-function type forcing, but also for var-
ious other reasons: those include the basic parameterization of sub-shelf melt rates as
a function of ocean temperatures and shelf base elevation, the limited spatial resolution
of bed and ice topography and the fixed surface accumulation. Also relevant is the fact10

that we use steady states of the ice sheet as starting points for our simulations, which
are presented as either an un-weighted mean of the ice physics ensemble or focus
on a representative ensemble member. Nevertheless our results can provide insight
about potential future differences between major West Antarctic gateways. In spite of
its current stability compared to the Amundsen Sector, the ice sheet draining into the15

Weddell Sea might be more susceptible to relatively small climatic changes than pre-
viously thought or even – providing a significant amount of warm water continuously
reaches the grounding line – become a major contributor to sea-level rise from West
Antarctica in the future.
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Appendix A: Methods

A1 Ice sheet model

Simulations were carried out with the Parallel Ice Sheet Model (PISM, based on version
stable0.5) at a horizontal resolution of 24, 15, 12, 5 km and for the Amundsen Sea
Sector also 2.5 km (compare Figs. 7 and 8). Although even this resolution is arguably5

too low for capturing the details of the stress balance in features such as narrow ice
streams (compare Favier et al., 2014), 10 to 20 grid cells for a 50 km wide ice stream
are sufficient for the strictly comparative analysis presented here. Sub-grid scale basal
drag and sub-shelf melting at the grounding line ensure a more realistic grounding-
line motion. While without the former PISM fails the reversibility test in the original10

MISMIP intercomparison at 16 km resolution and succeeds at 1 km (Pattyn et al., 2013),
intermediate resolutions are tested by Feldmann et al. (2014), along with new sub-grid
features. They enhance the model performance considerably, even at resolutions as
coarse as 5 or 12 km.

PISM captures lateral resistance as well stress transmission across the grounding15

line by using the hybrid shallow approximation (Bueler and Brown, 2009; Winkelmann
et al., 2011). The model hence simulates the loss of buttressing caused by ice-shelf
thinning (Gagliardini et al., 2010) and the possible resulting grounding-line retreat. The
kinematic calving law allows for a gradual retreat of the calving front in response to
changes in the velocity field. Therefore, buttressing can also reduce as a result of20

calving front retreat behind pinning points like, e.g., Berker Island.
The simulated ice topography is especially sensitive to basal drag (Gladstone et al.,

2012). In order to cover the full sliding-specific uncertainty in PISM, a three-dimensional
parameter space for basal sliding is therefore sampled in the experiments presented
here, and resolutions dependence is checked as well (see Sect. A3 and Figs. 8 and 9).25

For steady state ice surface velocities compare Fig. 10.
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A2 Boundary conditions

PISM is run using the ALBMAP bedrock topography (Le Brocq et al., 2010) like in
the SeaRISE effort (Bindschadler et al., 2013; Nowicki et al., 2013). Compare also
Fig. 11 for an Antarctica-wide display of this measure from ALBMAP data. The influ-
ence of bedrock roughness on grounding line migration for different resolutions is hard5

to quantify. At least for the 5 km simulations the original bedrock data did not need to
be smoothed. Steady surface temperature and mass balance fields from RACMO (Van
de Berg et al., 2006) serve as climatic input data. Constant-in-time present day (av-
eraged 1950–1980) temperature- and salinity fields from ocean modeling with BRIOS
(Timmermann et al., 2002) are used for preparation of the initial states of the Antarc-10

tic Ice Sheet, translated into melt rates by a basic three equation system (Scheduikat
and Olbers, 1990). The melt rates therefore roughly adapt to changing ice-shelf depth,
while effects of sub-shelf circulation changes are ignored. Although this procedure is
not particularly realistic, it suffices for the comparative type of analysis of idealized
experiments that we are performing. In the experiments, a uniform and time-constant15

anomaly in ocean temperatures between 0.1 and 2 K is applied. Gaps in the original
ocean-temperature and salinity fields in the ice-shelf cavity, which become larger as the
grounding line retreats and the ice-shelf cavities extend to formerly grounded marine
areas, are filled using a simple 2d-lateral diffusion equation.

A3 Experimental design20

In this study we are using PISM exclusively. Since alternative approximations to the
stress balance, among other things, can strongly influence a model’s response to loss
in buttressing (Favier et al., 2014), we aim at exploring a broad range of free parame-
ters within PISM. In order to cover the full sliding-specific uncertainty, which has been
identified to have the strongest impact on the models response to ice shelf thinning25

in PISM, we prepare an ensemble of initial steady states. To that end, we sample
the three-dimensional parameter space of pore-water fraction FPW (which goes into
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the yield stress according to the Mohr–Coulomb Model for saturated till, (Paterson,
1994; compare also Winkelmann et al., 2011), basal resistance exponent m (which
determines the degree to which the pseudo-plastic till model is linear or plastic, com-
pare PISM manual) and enhancement factor ESSA (Fig. 9, compare Winkelmann et al.,
2011). The enhancement factor governing ice softness relevant for vertical shearing,5

ESIA, is fixed to a value of 4.5, as its influence on the ice response to sub-shelf melting
is weak. The preparation of the initial states with 15 km resolution consists of 300 ka of
thermal equilibration, followed by a transitional run of 20 ka simulating full ice dynamics
with present-day ocean temperatures reduced by 0.05 K. The following 50 ka dynamic
run with present-day oceanic input brings the modeled ice sheet close to a steady10

state.
From all combinations of the three ice-flow parameters we select those 24 which

allow for an at least rough match of grounding-line positions (Fig. 9). There is a clear
distinction between those model versions and others, namely the abrupt collapse of
significant parts of the ice sheet or the similar abrupt grounding of a significant fraction15

of the ice shelf when sampling the parameter space. Because we are using steady
states of the ice sheet as starting points for our simulations, there would be no qualified
exactness added when being more selective in the model versions. In order to constrain
the initial state better, a historically validated (Hillenbrand et al., 2013) dynamical spin-
up of an ensemble of model versions would be necessary, in order to exclude those20

that are over- or underresponsive to external perturbations (Aschwanden et al., 2013).
This, however, is beyond the scope of this paper.

In order to rescale the horizontal resolution to 12 km, two thousand years of simula-
tion time with steady input are added, which excludes two further ensemble members
such that our final ensemble consists of 22 initial states. A representative ensemble25

member (FPW = 0.91, m = 0.25 and ESSA = 0.6) is chosen for the display of the model
spread (Fig. 8), because it is identical to the model set-up of PISM-Antarctica pre-
sented in the SeaRISE publications (Bindschadler et al., 2013; Nowicki et al., 2013).
For simulations with 5 and 2.5 km resolution, regional setups had to be used because of
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computational constraints. They are performed for the representative ensemble mem-
bers indicated in Fig. 9a.

The forcing experiments for the entire ice-physics ensemble are performed without
any changes in ice-model parameters after spin-up. They employ a uniform temper-
ature anomaly in the specified ocean sectors, which is switched on instantaneously5

and kept at the same level during the entire simulation time of 500 years. Results from
control runs without ocean warming (drift of less than 0.15 cm sea-level equivalent per
century for 5 km simulations) are subtracted for all time-series.
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Figure 1. Topographic properties of the two basins of interest, in the Weddell Sea Sector and
the Amundsen Sea Sector, 5 km resolution. (a, b) Ratio of ice thickness and floatation ice
thickness, i.e. H/Hf (shading in %) and observed (grey) and simulated (black) grounding-line
positions after 1 to 5 centuries of 2 K ocean warming. Straight lines indicate the location of the
profiles shown in (c) and (d) (for each basin, the lateral average of the three lines is used.) (c,
d) Observed (grey, from ALBMAP, Le Brocq et al., 2010) and modeled ice topography for 2 K
ocean warming (shaded profiles in intervals of one century, thick black line for simulated initial
state) for Institute Glacier in the Weddell Sea Sector (c), and Thwaites Glacier in the Amundsen
Sea Sector (d).
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Figure 2. Decadal rate of sea-level rise (SLR) associated with loss of grounded ice above
floatation, 5 km resolution. Each color represents the ice response to one of 20 switch-on forcing
experiments with 0.1–2 K of uniform ocean warming in the Weddell (a) and the Amundsen Sea
Sector (b).

1722

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/9/1705/2015/tcd-9-1705-2015-print.pdf
http://www.the-cryosphere-discuss.net/9/1705/2015/tcd-9-1705-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
9, 1705–1733, 2015

Comparing ice
discharge through

West Antarctic
Gateways

M. A. Martin et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 3. Forcing-dependence of sea-level response to Weddell vs. Amundsen Sea warming,
5 km resolution. (a, c) Sea-level rise after 5 centuries for different levels of ocean-warming. The
dependence of the sea-level response on the forcing is qualitatively different for the two basins.
(b, d) Spatial distribution of ice loss after five centuries of basin-specific ocean warming of 2 K.
Shading shows the change in ice surface elevation [m], colored lines give the grounding-line
positions after five centuries for different levels of warming. Color coding in all panels is the
same as that in Fig. 2.
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Figure 4. Ratio of ice thickness and floatation ice thickness, H/Hf (shading [%]) during the
periods of strongest ice loss of the 2 K ocean warming simulations. Contours show observed
(grey) and simulated (black) grounding-line positions in intervals of one century. For our type of
experiment, H/Hf is a useful indicator for the amount of grounding line retreat to be expected
within the next century of continued forcing: ice thinner than about 160 % of the floatation ice
thickness is likely to get afloat, regardless of how much grounding line retreat is associated.
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Figure 5. Yield stress for pseudo-plastic basal till for 5 km resolution.
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Figure 6. Vertically averaged hardness [Pas−3] for 5 km resolution.
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Figure 7. Time series of SLR and decadal rate of SLR for different resolutions. For 12 km, the
mean of the ice-model parameter ensemble is shown (larger version in Fig. 8), while the other
resolutions show representative ensemble members. Color coding for ensemble mean is the
same as in Figs. 2 and 3. The spread resulting from the use of different ice model parameters
is bigger than that resulting from different resolutions.

1728

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/9/1705/2015/tcd-9-1705-2015-print.pdf
http://www.the-cryosphere-discuss.net/9/1705/2015/tcd-9-1705-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
9, 1705–1733, 2015

Comparing ice
discharge through

West Antarctic
Gateways

M. A. Martin et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 8. Time-series of sea-level rise (SLR), 12 km resolution. The time-series are slightly
extended beyond the range of data for better visualization. The grey lines show the 22 ensemble
members for 2 K ocean warming, the dotted black line marks the representative ensemble
member.
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Figure 9. Characterization of the ice-physics ensemble (for 15 and 12 km resolution). The three
ice-parameters explored are the pore-water fraction FPW, the enhancement factor ESSA and
the basal resistance exponent m (see Eqs. 10 and 13 in Winkelmann et al., 2011) and ex-
ponent m in Eq. (1) on page 35 in the PISM manual, version stable0.5, respectively). FPW
and m both determine basal resistance. ESSA controls the ice softness but also affects sliding,
since the SSA velocity is used as sliding velocity in PISM (Bueler and Brown, 2009). Color-
ing characterizes the relative deviation [%] in upper surface elevation compared to ALBMAP
data. The representative ensemble member, which is the same that was used for the SeaRISE
project (Bindschadler et al., 2013; Nowicki et al., 2013) (squared) has the parameter combi-
nation FPW = 0.91, ESSA = 0.6 and m = 0.25. It also applies to the 24 km-resolution simulation.
The letters W and A indicate the parameter combinations used in the regional simulations with
resolutions of 5 and 2.5 km of the Weddell and Amundsen Sea Sector, respectively. (a) The
FPW −ESSA subspace of the three-dimensional parameter space (with m = 0.25) is character-
ized for the Weddell Sector. Parameter combinations are excluded if the modeled grounding-
line is located too far upstream (red circles) or downstream (dark blue circles) of the observed
position. Clear blue circles represent 11 of the initial states, from which simulations are started.
The ensemble is closed in the sense that in this subspace all directions are fully explored to
a point where no acceptable state of the Antarctic Ice Sheet could be simulated. Values of
ESSA > 1.0 are excluded for physical reasons (compare Ma et al., 2010). (b) For the three pa-
rameter combinations of (FPW,ESSA) = (0.92,0.5); (0.91,0.6); (0.90,0.7), the influence of basal
resistance exponent m is tested for 15 km horizontal resolution. Those parameter combinations
where significant ice loss (through grounding-line retreat) compared to ALBMAP occurs during
spin-up for either one of the two regions are excluded from the ensemble (medium red to dark
red circles). Crosses indicate ensemble members that exhibit proper grounding-line positions
for 15 km horizontal resolution, but not at 12 km. This leaves 11 additional parameter combi-
nations arising from sampling the m axis (white and light rose coloring, except for those with
m = 0.25).
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Figure 10. Ice surface velocities for grounded ice visualizing PISM’s capacity for streamy flow.
Initial model state for 5 km resolution.
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Figure 11. Map of H/Hf [%] for ALBMAP data for marine Antarctic regions.
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