Rebuttal: ‘Sea-level response to melting of
Antarctic ice shelves on multi-centennial
time scales with the fast Elementary

Thermomechanical Ice Sheet model (f.ETISh
v1.0)’ by Frank Pattyn

I would like to thank both referees for their thorough assessment of my
submitted paper. Thanks to their thoughtful comments, I made several im-
provements to the model and reran the experiments again. I also added ex-
tra experiments in line with the concerns of the referees. The experiments
on millennium time scales were omitted, because they did not add anything
significant to the paper that would become needlessly too long otherwise.
In view of the model changes, the appendices have been adapted as well.
The major model changes are:

* The complete temperature field is now calculated (based on SIA shape
functions for the different advection terms). Therefore, the tempera-
ture field includes now horizontal advection and is also correctly time-
dependent. Thermomechanical coupling has not been altered (2d cou-

pling)
* The effective viscosity in the SSA equations has not been approximated,

but is now iteratively solved. As a consequence, basal drag is not lin-
earized (made function of driving stress) any longer.

* The Coulomb friction law has been used in conjunction with the TGL
flux condition at the grounding line, to make it coherent. This means
that the optimization procedure has been adapted and friction coeffi-
cients (tan(phi)) are optimized during initialization.
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1.1 General comments:

This paper presents a thorough and clear description of a new ice sheet model,
akin to hybrid dynamics SIA/SSA models currently used for Antarctica, but
with some reasonable and innovative simplifications so it is computationally



fast. The model is implemented in MATLAB and will be a useful tool to engage
students in teaching and workshop environments, as well as being capable for
many research applications.

In this paper the model is thoroughly tested against established benchmarks
(EISMINT, MISMIP) and validated vs. modern Antarctica. Sensitivity exper-
iments of Antarctic re treat for simple warming perturbations are described.
One important result is that much larger grounding line retreat is obtained
with a Coulomb-friction based parameterization of grounding line flux, com-
pared to that based on power-law sliding, but further testing may be desirable
(see below).

I would like to thank the referee for this early and very detailed review,
which gave me ample time to check out in more detail the concerns that
were raised.

1.2 Specific comments:

(1) The treatment of ice temperatures is based on classic vertical profile equi-
librium solutions which allow for vertical ice velocity, and then time lagged
with an e-folding relaxation towards these solutions at each grid point. The
timescale of the e-folding lag is based reasonably on the local Peclet number
(pg. 17, eq. 42). This is probably the most drastic simplification from other 3-D
hybrid models, and neglects horizontal advection (which cools mid-level inte-
riors as cold surface ice is advected downwards and outwards, and cools the
cores of ice shelves supplied by flow across thick grounding lines. A fairly arbi-
trary compensation for this lack of cooling is attempted by reducing the strain
heating (pg. 17, line 6). This simplified temperature treatment is evident in
the benchmark intercomparisons in the Appendices, where basal temperature
is the only field with poor results.

As a suggestion, perhaps basic horizontal temperature advection could be added
to the model, ust by adding an additional term in Eq. (41): ... + udT/x + v
dT/dy with (u,v) given by (12) and T is the column mean temperature. That
probably would not require much CPU or slowdown of the model.

The referee is correct that this is probably a drastic simplification. It was
also one of the first simplifications I made to the model. However, my major
concern was not so much omitting horizontal advection, which it is rela-
tively well counterbalanced by frictional heating, as the EISMINT I exper-
iments show. I admit that this has not so much of a physical basis and the
coupled experiments in EISMINT II were not very convincing. My major
concern with this approximation is related to the time-dependent evolution
of the temperature, which in its current form is not suited for paleo-climatic
studies. Therefore, I revised the temperature calculation completely by
solving the time-dependent thermodynamic equation in three dimensions,
similar to Pattyn (2010). It includes besides vertical diffusion and advec-
tion also horizontal advection, internal heating and frictional heating. In
order to improve calculation speed, the whole subroutine was optimized
and given the stability of the numerical scheme, the temperature field is
only updated every 10 to 20 iterations.

Nevertheless, a couple of simplifications remain: (i) the temperature field
is calculated using shape functions for both horizontal and vertical velocity
(Hindmarsh, 1999) as well as for velocity gradients based on the deforma-



tional SIA velocity for a vertically-integrated value of A; (ii) the flow pa-
rameter A is still determined for a given column fraction. Despite these
simplifications, the model is now in agreement with both the EISMINT I
(Huybrechts et al, 1996) and EISMINT II (Payne et al, 2000) experiments.
Even the 'unstable’ basal temperature patterns according to some experi-
ments in EISMINT II are now reproduced (and more results are presented
in the Appendix).

Given this concern, I suggest that a map of the models basal temperatures
for modern Antarctica be shown, and compared with existing model and data
based maps (of which the author is a leader).

It was my mistake not to have shown the basal temperature field for the
Antarctic ice sheet, especially since the temperature calculation was a ma-
jor approximation. The basal temperature field was different from the one
given in Pattyn (2010), as it does not include the optimization of geothermal
heat flow using observed temperature profiles and subglacial lake distribu-
tion. However, it was more in line with other basal temperature fields ob-
tained by other model studies (Pollard and DeConto; Huybrechts, ...), which
gave me confidence in the approximation. A comparison between the new
basal temperature field and the approximation of the submitted manuscript
reveals also the same pattern, which demonstrates that the initial approx-
imation was quite well representing the ice-sheet temperature field. The
basal temperature field is now included as a figure in the manuscript.

(2) It is puzzling why the inverse procedure for basal sliding coefficients (p.
23-24, Fig. 5) yields quite large errors in surface elevation (200 m) in some
regions of the interior East Antarctic plateau. The inverse procedure should
reduce them to 10’s m (Pollard and DeConto, 2012b) (even if the bed elevations
are in error, model or observed, cf. pg. 24 line 19).

Thanks for remarking this. I have been looking into this in more detail. It
seems that the use of the regularization term (smoothing) improves the fit
near the borders (compared to Pollard and DeConto, 2012b), but increases
the error in the interior. I adapted the regularization scheme so that it only
applies for marine boundaries (bedrock below sea level). This way the fit is
better in the interior as well as close to the boundaries. This has also been
stated in the manuscript.

Perhaps these larger errors are due to regions of the bed erroneously being
frozen. In frozen basal regions the inverse procedure cannot reduce the model’s
surface elevation errors. So this is an additional reason to request a basal-
temperature map.

Some errors are due to frozen zones, since the optimization procedure does
not perform across these zones. However, as shown by the similarity be-
tween the basal temperature fields (old and new), this seems not due to a
mismatch of frozen/temperate areas.

nb: ”ice thickness”, pg.24 line 1, should probably be ”ice surface elevation”.
Indeed it is. Corrected.

(3) One important result is the greater grounding line retreat with TGL (Coulomb-
friction based grounding line flux parameterization, Eq. 25), vs SGL (power-
law sliding based, Eq. 23). All experiments shown use power-law sliding (Eq.
15) for the interior grounded ice, and none use Coulomb sliding (Eq. 21). My
concern is that the combination of TGL with power-law interior sliding is not
compatible, and the mismatch in the physics may lead to spurious behavior



in grounding zone regions. (The discussion on pg. 13, lines 24-27 may be
relevant).

To address this concern, I would request additional runs be made with Coulomb
friction law (Eq. 21) and the TGL grounding line parameterization. This would
ideally also involve re-doing the optimization spin-up for basal properties,
which may still be feasible by changing phi (till friction angle) instead of A in
Eq. (55). Alternatively, the combined Eq. (22) could be used instead of (21).
This has been looked into with greater detail. First of all, I don’t completely
agree with the non-compatibility between the Coulomb boundary condi-
tion at the grounding line and the Weertman sliding law inland from it. As
shown in Tsai et al (2015), the Coulomb friction leading to vanishing effec-
tive pressure at the grounding line is a physically correct condition that can
be used independently of the basal characteristics of the inland ice sheet.
The crossover from Coulomb conditions at the grounding line to power-law
conditions inland is a very narrow transition zones (with exception of per-
haps the Siple Coast region where streams experience a very low drag for a
wide area). The contact with the ocean will always be influenced by marine
sediments (characterized by a till friction angle), which makes the combi-
nation of both conditions (power law sliding for the ice sheet and Coulomb
friction for the grounding line) valid. To demonstrate this, I carried out dif-
ferent experiments with varying values of till friction angle at the ground-
ing line. Only for high till friction angles ¢ > 50°) does the grounding-line
sensitivity diminish, but still remains more sensitive than the grounding
line conditions according to the power-law sliding. Moreover, I also in-
cluded an optimization scheme for the Coulomb friction law (on the sug-
gestion by the referee). This optimization changes tan(phi) (and not phi as
the referee suggested). The resulting fit is less well than with the power law,
but it makes phi vary between 2- 70°. Higher/lower values would be really
non-physical. The resulting response is obviously less sensitive than with
the one where phi is prescribed, but still more sensitive than the power-law
sliding and Schoof-condition at the grounding line. As a comparison, the
combination of Weertman sliding and TGL condition are also presented.
This reveals that the most dominant factor in the sensitivity is the TGL con-
dition, not the type of sliding/friction inland.

(4) The use of driving stress instead of basal stress in the basal sliding law
to avoid iterations (pg. 10, Eqs. 15,16) is one of the features used to speed
up the model. But maybe the 20% of the ice sheet where driving stresses are
not essentially balanced by basal stresses (p.10, lines 16-17) are in important
regions such as ice streams. This concern could be addressed by one sensitivity
test in which the approximation in Eq. (16) is not made (requiring expensive
iteration).

Basal sliding with the hybrid model IS a function of basal shear stress (or
basal drag). So this effect of driving stresses being balanced by driving
stresses is not correct. The equations are correct for m = 1. However, for a
power law with m = 2, for instance, Eqs 15,16 make the sliding law more vis-
cous than plastic by introducing the term tau;. However, the revised model
now properly calculates the effective viscosity in the SSA equations (see re-
sponse to referee 2), hence requiring iteration, so that this approximation is
not made anymore.

(5) The subglacial water pressure p,, in Eqs. (19) and (20), pg. 11, is assumed to



depend on elevation minus sea level, which is a common step in many models.
But it is hard to see how the subglacial water system can sense hydrostatic pres-
sure from the ocean at all, more than 100 or 200 km inland from the grounding
line.

I know. That is exactly why I did only use the Coulomb condition at the
grounding line, because here the effective pressure is zero by definition.
Given the fact that I now have introduced the optimization of the Coulomb
friction law for the interior ice sheet, the approximate definition of p, can
be questioned, but has also been used by several other authors. As I already
mentioned in the manuscript, a subglacial hydrology model would be more
appropriate and physically correct.

Technical points:

p.3, Fig. 1. I suggest indicating in the figure that sea level is at z = 0, as seems to
be required in Eqgs. 18, 19 and 20. And z;; must = 0 (p.7, line 3). Alternatively,
replace b throughout p.11 with b —z;.

I replaced b by b — z,; as suggested by the referee

p.7, Eq (2). More correctly, vy, = vy +...|74[" 114 p.9, line 7 et seq. To avoid
confusion, say explicitly that 7y is the free-floating stress, used later in Eq. (24)
as well as in (3),(4) via eta in (11).

Corrected

p-11, line 3: Why might the friction angle phi be a function of bedrock eleva-
tion, physically? p.12, lines 6-7. The sentence ” However, expressed as a ...” is
unclear to me.

This sentence has been removed.

p-13, lines 7-10. Here, it might be helpful to mention that a staggered grid
(Arakawa C) grid is used as shown in Fig. 2.

Done

p-14, Eq. (27). Say that this is only applicable for SIA advection.

Done; I explicitly wrote that for the grounded ice sheet according to the SIA
model this equation is written as a diffusion equation for ice thickness.
p-14, lines 11-22: Say whether this ‘'maximum strain check’ is applied every-
where, on ice shelves, or just at the grounding line.

I wrote that this is checked at the grounding line.

p-17, line 24 and Eq.(42). Say that this is vertical advection (not horizontal).
This equation has been removed due to the changes in the temperature cal-
culation.

p-18, line 13. Specify the value of E¢ used for ice shelves.

Done. It is 0.5.

p- 19, lines 1 and 10. Say that the equilibrium bed topography and loads (b,,,
heq, hw,y) are taken from modern observed fields (Bedmap2), if that is the case.
Done

p-19, line 18.Say that the local numerical integration is for Eq.(38) (I think).
This equation has been removed due to the changes in the temperature cal-
culation.

p.-19, line 24. Iterations are also eliminated due to the approximation of driving
= basal stress in Eq. (16).

This doesn’t apply anymore.

p-21, line 24. A simple one-valued PDD is ok for modern Antarctica with little
surface melt. But the surface melt treatment will need improving (snow vs.



ice, refreezing, etc.) to represent greatly increased surface melt around the
Antarctic margins in warm future climates.

I agree. A similar approach was adopted by Pollard and DeConto (2012).
However, on the time scales I consider, surface melt has not a decisive im-
pact. Refreezing would lead to a higher retention of the melt water, hence
limit the impact of surface melt even more. It will certainly become more
important if other ice shelf disintegration processes, such as hydro-fracturing,
would be taken into account.

p-22, line 9. Say where ocean temperatures T, are obtained from. Actually it
seems that Eq. (53) and T, are not used in any experiments here, for which
the melt rate M is simply prescribed region by region (p.30, lines 17-19).

This section has been removed. It is mentioned in the manuscript that the
mechanism is included in f.ETISh, but that only constant values of melt are
applied to the ice shelves in this paper.

p-22, line 16. Eq. (53) produces higher melt rates closest to the grounding line
not because it’s quadratic, but because the freezing temperature Tro decreases
with depth (noting h;, in Eq. (54) is negative below sea level).

This section has been removed (see above).

p-23, line 1. Perhaps change “further constrained by” to “driven by”.

Done.

p-25, line 14. Change “back by” to “back to”. p.27, line 3. Perhaps change to
”of the model and the approximations...”

Done.

p-28, Fig. 9 caption, 2nd line. Remove ”(a)”.
Done. Replaced by “years’ to make clear what the units are.

p-30, line 8. Perhaps change “provoked” to “applied”.

Done.

p-30, line 10. *Why* are TGL runs characterized by higher driving stresses?
Referee 2 made a whole point of the driving stresses and I agree that the
reasoning should be the other way around. The origin of the high driving
stresses is that for a same ice flux, surface gradients must be larger with
TGL. See rebuttal to referee 2 for more details. The figure of driving stresses
has been removed.

p.31, Fig. 11 caption, 2nd line. Say "Atmospheric temperature forcing is...”
Done.

p-34, line 22. Mention that the agreement with the benchmark(s) is shown in
the Appendices.

Done.

p-34, lines 27-28. Change to “Despite the approximations, the results of ther-
momechanical coupling of ice sheet flow are also in good agreement with the
EISMINT benchmark...”

This has been changed, since the thermodynamical part of the model has
been improved.

pg.34, line 29: Perhaps change to “compared to the other benchmarks,”
Rephrased.

pg.35, lines 7-8. Change to “requires membrane stresses at both sides of the
grounding line to be resolved with sufficient detail (Schoof 2007a),”

Done.

pg.35, line 10. Mention in parentheses that this rule is that on pg. 13, lines
9-10.



I made a reference to the specific section.

pg.35, lines 28-29. Change to ”"Direct comparison is not possible with recent
studies of Antarctic ice mass loss that are forced by atmosphere-ocean mod-
els following socalled RCPs (Representative Concentration Pathways). Direct
comparison with the SeaRISE...

Done.

pg.36, line 8. Perhaps describe in a few words what "RCP8.5 amplification” is.
This paragraph in the discussion has been deleted, since the millennium
time scales have been left out.

pg.-36, lines 28-29. Perhaps change to “with the exception of grounding-line
zones with small-scale bedrock variability, where grounding-line response to
atmospheric and oceanic forcing is sensitive to spatial resolution.”

Done.

pg.37, line 8. The "dominance of ocean forcing” in this paper relies on the
absence of physics such as hydrofracturing that occur due to large increases in
surface melting around the margins. With RCP8.5 at least, there will be a huge
increase in the latter within 2100 to 200 years, which could affect the ice sheet
in unexpected ways.

Indeed. This has been rephrased and at several places in the manuscript
it has been mentioned that hydro-fracturing (as atmopsheric forcing) may
induce a much larger impact.

Appendices, figure captions A2 to A5. It would help to specify the benchmark
experiment (EISMINT I or II, MISMIP, etc) in each caption, especially if the
figures appear on different pages than the relevant text.

Done.

2 S.L.Cornford (Referee)
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This manuscript presents the details and some experiments carried out with
a new ice sheet model code (f. ETISH), which is designed to represent the ma-
jor process in near future ice sheet dynamics (e.g changes in grounding line
flux due to ice shelf thinning) well enough to be meaningful but not requiring
fine spatial resolution and the attendant computational cost. The new model
is similar in that respect to the model of Pollard and DeConto (sans cliff col-
lapse), but makes some additional approximations for the sake of speed. Is
this a useful new model? Perhaps. It could be very well suited to long-term
integrations, though that is equally true of Pollard and DeConto. It could be
useful in large ensemble construction, where I think it makes a better job of
representing the physics than (say) Ritz et al 2015. It does seem to contain
new but not really well justified approximations in rheology and temperature
structure, but given that these things are largely unknown and must be tuned
anyway, that may not be very serious problem. The paper is a bit rambling
in parts (maybe this review is too), especially the model description and the
discussion. Sometimes it includes expressions that are well known, then ig-
nores them, e.g the effective viscosity is treated this way, and the discussion of
Coulomb friction laws seem to be a bit extraneous too. I think it really does
need a substantial review and edit.



I should like to thank Stephen for this thorough review and I will try to give
a non-rambling response to his queries. A series of improvements to the
model have been made and are detailed in my response to Referee 1. I will
therefore refer to my response to that referee for points that were already
raised and briefly mentioned in my introduction to the rebuttal. Given the
changes, the model description has been shortened as well, and unnecessary
items have been discarded.

2.1 General Comments

One message of the paper seems to be that treating the flux across the ground-
ing line according to Tsai (TGL) rather than Schoof (SGL) dramatically in-
creases the retreat rate. This could be because Tsai depends on a higher power
of flotation thickness (more acceleration of retreat on retrograde slopes), but
might to some extent be attributed to the addition of another free parameter
(tan phi) . Given that the model is so quick, maybe some runs with larger
tan(phi)? Looking at eq 18, for much of WAIS where bedrock elevation, is
< -1 km, tan(phi) is around tan(phimin) = 0.2. What happens if tan(phi) =
tan(phimax) = 0.5 - presumably we see about half the rate of SLR? On the
same note, TGL is double sided - flux increases more quickly with grounding
line thickness, which would mean that the grounding line accelerates more
readily in unstable configurations (retrograde slopes, without buttressing) but
decelerates more readily in stable configurations (prograde slopes) - and the
formula for tan(phi) should amplify this effect somewhat. The East Antarctic
results in section 5 seem to differ from this, with the introduction of TGL lead-
ing to retreat over prograde slopes (Totten, Wilkes Basin, Recovery Glacier a
little upstream from the present day GL) where there was little in the results
with SGL.

See my response to Referee 1. Higher values of ¢ lead to lower sensitivity of
grounding line retreat, but it is not half the amount of SLR for a doubling
of ¢. Even for very high values of ¢ >70°, this leads still to a mass loss that
is significantly higher than for the Schoof-condition. I added this in the
text. I included also an optimization of the Coulomb friction law, whereby
values of till friction angle are optimized, hence also at the grounding line.
All experiments with the TGL condition are now run with the Optimized
Coulomb friction law. For the “ice-shelf removal’ experiment, the combina-
tion Weertman sliding-TGL was added as a comparison, showing that the
higher sensitivity is clearly related to TGL. In that section, it is explained
in detail what the origin of the difference is (related to the remarks of the
referee on driving stresses).

I am suspicious of approximating the effective viscosity by assuming that the
stress that enters it is that of an free floating 1HD shelf (eqs 8 and 9). Can this
really be a good approximation in buttressed ice shelves like (e.g) PIG, Amery,
Totten, where there are regions with little along flow stretching, but strong
lateral strains ? To me, the example in appendix D is not especially convincing
- cross flow gradients are too low, and the flow field too smooth. This might
not be a big error in itself, since at higher melt rates all that will matter is the
TGL / SGL with no buttressing, but a more convincing test is needed. Why not
re-run a middle melt-rate experiment with the normal nonlinear rheology?

I calculated the effective viscosity now as it should be (according to eq. 5).



It also required iteration, but this doesn’t seem to slow down the model as
much. The resulting effective viscosity is different (as would be expected),
and in few cases the response as well. However, the major sensitivity of the
model still remains with the treatment of the boundary conditions at the
grounding line (Tsai vs Schoof), and the magnitude of change is comparable
to the results presented in the initial manuscript.

Given that there is a well known test - MISMIP+ - with published results that
include both the Tsai friction rule and ice shelf buttressing - why not test
f.ETISH against that?

It is of course an interesting idea that will require quite some work and
also falls outside the scope of the present paper. In term, it is envisaged
to perform those tests, but it will require major changes in the model code
with respect to the adaptation of the boundary conditions.

2.2 Specific comments
2.2.1 Abstract

(and elsewhere) 'The higher sensitivity [in the case of the Tsai 2] is attributed
to higher driving stresses upstream from the grounding line.” I'm not sure this
makes sense - and I suggest it is at least partly the other way round. Because
q(TGL) is larger than q(SGL), but both are only applied at the GL, dh/dx is
going to be bigger at the GL for TGL with all else being equal. The same -
plain Weertman - friction law is applied upstream.

I corrected this (here and elsewhere in the manuscript). The higher sensi-
tivity is attributed to higher ice fluxes at the grounding line due to vanish-
ing effective pressure.

2.2.2 Section1

"The majority of these interactions demonstrate non-linear behaviour due to
feedbacks, leading to self-amplifying ice mass change.” — > ‘Some of these . .
Corrected.

‘thicker ice grounded in deeper water would result in floatation, increased ice
discharge, and further retreat within a positive feedback loop.” — > thicker ice
grounded in deeper water would result in increased ice discharge, and further
retreat within a positive feedback loop.’

Corrected.

. .. based on boundary layer theory (...Ritz et al., 2015. . .). I don’t think the
Ritz et al., 2015 GL is based on boundary layer theory, does it? But imposes
retreat rates sampled from some sort of probability distribution.

Indeed, you are right. The use of the BLT in Ritz is not in the same way as
in Pollard. I removed the reference.

2.2.3 Section 2.1

"The main advantage of SIA is that the velocity is completely determined from
the local ice-sheet geometry.” That might be called the main disadvantage too.
Well, it makes the computation rather simple for a rather large domain (in-
terior ice sheet) for which this approximation is valid. Anyway, I removed
the sentence.



SSA+SIA :’a simple addition still guarantees a smooth transition’ - why wouldn’t
it? SIA isn’t smooth in the same way as SSA, but so long as the surface eleva-
tion is smooth, it will be. More to the point, is this a good approximation? How
about at the ice shelf calving front, where grad(s) is large, there is no basal stick
and SIA makes no sense? I don’t think Schoof and Hindmarsh 2010 gives us a
reason to think that SSA+SIA is any more sensible than plain SSA.

I don’t understand this quite well. The addition of both is done for the
grounded ice sheet alone. The difference with the Schoof and Hindmarsh
approach is that the effective strain doesn’t take into account vertical shear-
ing In the ice shelves, the SIA velocity is always kept zero (no shearing). I
made this clear to avoid confusion.

"Basal velocities in the hybrid model are defined through a friction power law,
where’ Basal traction, no? The velocity is related but depends also on viscous
stress at least close to the GL in the SSA+SIA case.

2..1.7. The Coulomb friction law plays no part in the results, except for its
involvement with the Tsai flux. I suggest cutting this (longish) section 2.1.5
entirely and describing tan(phi) in 2.1.7

This has been changed. The experiments are now run with the Coulomb
friction law as well. I therefore kept this section in. Given the changes in
the model, the description is shortened elsewhere anyway.

"where ’spy’ is the number of seconds per year’ Why switch units mid-expression?
Eq 25: What value does tan(phi) tend to take?

I removed this. The units are everywhere added when appropriate.

2.2.4 Section 2.2

eq 28: should be an inequality? hdu/dx < AhTf (ie the maximum stretching is
in free shelves) 'Ritz et al. (2015) use a slightly different prescription, but sensi-
tivity tests showed that the extra terms in the mass conservation equation can
be safely dropped, rendering the maximum strain check therefore indepen-
dent of velocity gradients.” Which terms? The terms that have been dropped
are ?udh/dx and ?vdh/dx, both of which involve thickness gradients and are
typically positive, so in fact dh/dt > a ? ?M ? ?h(du/dx + dv/dy) <a? M?
2AhTf And you assume dh/dx is neglibigle?

Given the changes made to the SSA description, this condition has been
taken in its original form. Therefore, it is only mentioned in the text and
not specified in an equation. The reader is referred to Ritz et al (2015).
"However, to compensate for the absence of horizontal advection in the model,
only a fraction fs = 0.25 of the total strain heating amount was added. This
value is determined from the EISMINT benchmark experiments (Appendix A).
Should this value not depend at all on ice speed? Is ESIMINT a sufficient test
of this quite different dynamics?

Given the changes in the thermodynamics, this parameter has become su-
perfluous.

2.2.5 Section 2.3

OK, these expression come from others. But are they justified in any way.
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2.2.6 Section 2.4

Eq 33. Has some horizontal advection - needed to eliminate T dw/dz and re-
duce vertical advection to wdT /dz, but neglects horizontal temperature varia-
tion? An even simpler solution might be possible if the conservative advection
d/dz(wT) was used and all horizontal transport neglected. Or did I miss some-
thing?

Horizontal advection is now taken into account.

How is eq 41 based on the Peclet number? So ?t is advection dominated when
Pe is large and diffusion dominated when P e ? 0, but does the code actually
compute some function of Pe?

This has become obsolete now.

2.2.7 Section 2.6

Why solve eq 46 with BiCGStab? What preconditioner is used? ILU(0)? UME-
pack is MATLAB’s default sparse solver, I think, and I guess the matrices are
all small (coarse grid), so if there are large ice shelves (so A becomes poorly
conditioned) this direct solver might be the better choice (or not)

The standard sparse Matlab solver works very well, but the use of bicgstab
enables to speed up the process. I think that many things can be improved
in future on behalf of the numerical solvers. I already optimized the initial-
ization with reduced sparse matrix systems (taking into account only the
grid points where ice thickness changes over time). I have a PhD student
looking into this matter for the moment.

2.2.8 Section 4.

"This further improves the final fit compared to the non-regularized case..
which is not normally the case with regularization - typically regularization
results in worse (or no-better) fit to the observations for the sake of a smoother
(or more plausible in some other sense) solution.

Referee 1 made the same remark. Indeed, it should give worse results. How-
ever, it makes the results worse for the interior ice sheet, but improves it for
the marine borders. Therefore, I adapted the algorithm so that regulariza-
tion is applied in the marine sectors only. I modified this in the text.

2.2.9 Section 5.1:

Sorry to bring this up, but Cornford et al 2016, Annals of Glaciology https://doi.org/10.1017/a0g.2016.13
does a rather similar experiment (all-Antarctic response to sustained ice shelf
removal), with a sub-km model, and the Weertman sliding results could be
compared.

Thank you very much for pointing me to that paper (with the unfortunate
typo). Indeed, the results of that paper are somehow comparable to remov-
ing ice shelves, although that not all ice shelves are removed (once ice thick-
ness smaller than 100m, the shelves remain). I ran these experiments as
well and added the results in the paper under the section ’sub-shelf melt-
ing’. I made sure that I corrected the typo and ran the model with the melt
rates that were actually used (not the ones that are described in the experi-
mental description). A comparison with the results in Cornford et al (2016)
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is made at the end of the section of sub-shelf melting. The SGL experiments
are quite comparable to this study, albeit that the timing of retreat in the
different drainage basins is different in some places. It is explained why.

Is the rate of SLR labelled incorrectly in fig 10?

Figure has been removed.

2.2.10 Section 5.2

"Melting is not allowed to be spread out across the grounded part of the 20
ice sheet near the grounding line as is done in some models (Feldmann et al.,
2014; Golledge et al., 2015)". Note that Feldmann and Golledge are not really
trying to spread the melting about, they are just applying some melt to finite
area grid cells whose centers are grounded but whose neighbours are floating,
estimating a floating fraction by interpolating the thickness above flotation.
This sounds pretty innocuous - even sensible - in which context the sentence
above sounds like the wrong choice. Of course we know it is not the wrong
choice, but maybe say something about why?

I rephrased this: ”Melting is only applied to fully floating grid cells, with-
out taking into account the fractional area of grounded grid points that are
actually afloat, as done in a few studies (refs).” Whether this is wrong or not,
I leave inbetween. I just stated that what the difference is in melt treatment
compared to other models.

’[SLR] determined from the change in ice volume above floatation, hence do
not represent the total grounded ice mass loss” Seems like an odd comment -
how else would it be computed ? It makes me wonder if the section 5.1 SLR
is from total mass loss (indeed the text of section 5.1 suggests that, ‘the total
mass loss for TGL is three times as large compared to SGL, i.e., a contribution
to sea-level rise of 12 m ...’), when I assumed it had been computed from VAF
I agree it is ambiguous. I corrected this at the different places. I also abbre-
viated sea-level rise to SLR at the different places in the manuscript.

Fig 11. Although the ’thick lines (SGL), thin lines (TGL)" plot works for the
large delta M, I can’t make so well out what is going on at small delta M. how
about thin lines with a few symbols (say, circles, squares). Or drop the dM =
10 m/a results?

It has been made easier now, since fewer experiments have been made.

Fig 12. To my mind, at least one more grid spacing (there are some runs 16km.
right? ) to be able to say much about mesh dependence. You can't test conver-
gence at all with just two, you need to show that results are getting closer to
one another as dx — 0

This is a very good remark. The new series of experiments show that spatial
resolution influences the timing of grounding line retreat in the different
drainage basins, less so the total amount of SLR (at least over longer periods
and for high forcings). However, it is not expected that convergence should
be obtained when resolution increases, unless one uses the same bedrock
data set at each time (i.e., at high resolution an interpolated bedrock map
of the low resolution experiment). Since at higher resolutions the bedrock
shows a different variability (small bed rises, for instance), grounding-line
migration will be influenced by this. However, having said this, I carried
out 4 new experiments with melt perturbations (without dT) at 16km reso-
lution. The results are extremely similar to 25 km, showing that the model
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has reached convergence. At very high resolutions (<5 km), however, the re-
sults could be different for the reason I explained above, but the purpose of
the f.ETISh model is to provide model runs at lower spatial resolution that
capture the essence in marine ice dynamics.

2.2.11 Section 6

’Another major difference pertains to the marine boundary, with a novel imple-
mentation of the grounding-line flux condition according to Tsai et al. (2015),
based on a Coulomb friction law (TGL)’ ‘novel’ seems a bit strong, given that
Tsai derived the flux formula, and the implementation replaces a very simi-
lar formula (SGL) in an overall method to modify the Schoof flux to include
buttressing due to Pollard.

I rephrased this.

p35 'unless sub-grid grounding-line parametrizations are used that generally
allow for grid sizes of 10 km (Feldmann et al., 2014).” Personally I think this
claim in Feldmann 2014 is not supported by the results, which are better with
the sub-grid scheme, but still need dx 1 km. Why should we believe that results
in one idealized problem should be widely true?

True. I removed the claim of 10 km.

"Nevertheless,comparison with high-resolution SSA and hybrid models show
that while differences in transient response exist, results are in overall agree-
ment with the other models (Pattyn and Durand, 2013).” That really was not
the message I took from Pattyn and Durand 2013, at least regarding the tran-
sient.

I removed this sentence.

“as the ice-sheet profiles "taper off’ towards a flattening upper surface, contrary
to the power-law case,” - this happens to some extent in the power law case too,
depending on the scale length for viscous stresses transmission.

But for TGL, it is always the case, even for small transition zones.
’(so-called ’aggressive’ grounding line in PISM).” Does Golledge really call it
‘agressive’ in that paper. I remember him saying it in a talk. Anyway, why not
say what it is: a type of numerical error (aggression — > 0 as dx — > 0) rather
than something that could be seen as physics.

No, Golledge does not call it agressive in the paper, but mentions it in pre-
sentations. I removed this now. In any case, this section has been removed
since the experiments on longer time spans have been omitted.
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Sea-level response to melting of Antarctic ice shelves on
multi-centennial time scales with the fast Elementary
Thermomechanical Ice Sheet model (f.ETISh v1.0)

Frank Pattyt

Laboratoire de Glaciologie, Department of Geosciencesir&mment and Society, Université libre de Bruxelles, AD F
Roosevelt 50, B-1050 Brussels, Belgium

Correspondence to: Frank Pattyn (fpattyn@ulb.ac.be)

Abstract. The magnitude of the Antarctic ice sheet’s contribution ltibgl sea-level rise is dominated by the potential of its
marine sectors to become unstable and collapse as a regpatsan (and atmospheric) forcing. This paper presentarént
tic sea-level response to sudden atmospheric and oceaninde on multi-centennial time scales with the newly deped
fast Elementary Thermomechanical 1ce Sheet (f.ETISh) model. The f.ETISh model is a vertically integrahybrid ice sheet/ice
shelf model witranapproximatémplementatiorof ice sheethermomechaniagrtically-integratedhermomechanicaioupling
making the model two-dimensional. Its marine boundary fisesented by two different flux conditions, coherent witivpo
law basal sliding and Coulomb basal friction. The model heenbcompared taseriesaf-existing benchmarks.

Modelled Antarctic ice sheet response to forcing is dongéiddty sub-ice shelf melt and the sensitivity is highly deperd
on basal conditions at the grounding line. Coulomb friciiothe grounding-line transition zone leads to significahigher
mass loss in both West and East Antarctica on centennial dtakes, leading t@1.5 m sea level rise after 500 year for a
mederatdimited melt scenario o26-10m a~! under freely-floating ice shelves, up to 6 m for a 50 m acenario. The higher

sensitivity is attributed to highedriving-stressesipstreamfrom-ice fluxes at the grounding linedue to vanishingeffective
pressure

Removing the ice shelves altogether results in a disintegraf the West Antarctic ice sheet and (partially) marine
basins in East Antarctica. After 500 years, this leads a5 m and a12:2l6 m sea level rise for the power-law basal
sliding and Coulomb friction conditions at the groundingelj respectively. The latter value agrees with simulations
DeConto and Pollard (2016) over a similar period (but witffedent forcing and including processes lefdrofracturing
hydro-fracturingand cliff failure).

The chosen parametrizations make model results largegpindent of spatial resolution, so that f.ETISh can pa#wnti
be integrated in large-scale Earth system models.

1 Introduction

Projecting future sea-level rigSLR) requires ice sheet models capable of exhibiting complexadienr at the contact of
the ice sheet with the atmosphere, subglacial environmeshtttee oceanthe-majority-Someof these interactions demon-
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strate non-linear behaviour due to feedbacks, leadinglt@s®lifying ice mass change. For instance, surface makmbe
interacts with ice sheets through a powerful melt—elevafeedback, invoking non-linear response as a function af-eq
librium line altitude, such as a positive feedback on abtathat can be expected as the ice-sheet surface becomes lowe
(Levermann and Winkelmann, 2016). This feedback is alsartam reason for the threshold behaviour of the Greenland ice
sheet on multi-millennial time scales (e.g., Ridley et20]0). Typical for these self-amplifying effects is thatytwork both
ways: the melt—elevation feedback equally allows for iceestito grow rapidly once a given threshold in positive aadation

is reached, resulting in hysteresis (Weertman, 1976).

Another powerful feedback relates to the contact of ice sh@especially marine ice sheets with substantial parthef t
bedrock lying below sea level) with the ocean. Mercer (19818 Thomas (1979) identified marine ice sheet instability
for ice sheets where the bedrock dips deeper inland from ibienging line (retrograde bed slopes), so that increased (a
mospheric/oceanic) melting leads to recession of the gliognline. This would result in the glacier becoming grouhde
in deeper water with greater ice thickness. Since ice tl@skrat the grounding line is a key factor in controlling icexflu
across the grounding line, thicker ice grounded in deepéemmould result infleatation;increased ice discharge, and fur-
ther retreat within a positive feedback loop. Early nunarice sheet models failed to reproduce this feedback duketo t
lack of physical complexity (e.g., neutral equilibrium; rdimarsh, 1993) and the poor spatial resolution to resoleeth-
cess of grounding line migration (Vieli and Payne, 2005;typa¢t al., 2006). A major breakthrough was provided by an
analysis of grounding line dynamics based on boundary l#yeory (Schoof, 2007a, b, 2011), mathematically confirm-
ing the earlier findings by Weertman (1974) and Thomas (1,978) that grounding line positions are unstable on retro-
grade bedrock slopes in absence of (ice shelf) buttresSialgoof (2007a) showed that numerical ice-sheet models need
to evaluate membrane stresses across the grounding linee lesolving them on a sufficiently fine grid of less than a
kilometre, which was further confirmed by two ice sheet madetrcomparisons (Pattyn et al., 2012, 2013). Since then
several marine ice sheet models of the Antarctic ice sheet baen the light, with varying ways of treating the ground-
ing line, i.e. by increasing locally spatial resolution hetgrounding line (Favier et al., 2014; Cornford et al., 201y
making use of local interpolation strategies at the groogdine (Feldmann et al., 2014; Feldmann and Levermann, ;2015
Golledge et al., 2015; Winkelmann et al., 2015) or by paraziegy grounding line flux based on boundary layer theory

are—201Bpllard and DeConto, 2009; Pollard et

Other feedbacks relate ice sheet dynamics to basal slidinggh thermo-viscous instabilities, which may lead tatlioycle

BJa a Nnad-Pe onto 000 PA ad-e 0 - P av ) * De oo ala HBJFa!
Av, O B ra'uy O G O

behaviour in ice sheets (Payne, 1995; Pattyn, 1996) as watkastream development in absence of strong basal togagrap
control (Payne and Dongelmans, 1997; Payne et al., 200@nktrsh et al., 2009). More elaborate subglacial water flo@-mo
els have since been developed, exhibiting similar feedbaathanisms in ice discharge (Schoof, 2010). For marinégosrt
of ice sheets, the major subglacial constraint is governetllbdeformation and observations have led to new insights
subglacial till deformation based on Coulomb friction dofied by subglacial water pressure (Tulaczyk et al., 20@0aln
contact with the ocean, subglacial water pressure mayftirerstem from the depth of the bed below sea level, whichded t
new characterizations of grounding line dynamics (Tsal.ef@15).
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In this paper, | present a new ice sheet model that reducdisrirezdimensional nature of ice sheet flow to a two-dimeradio
problem, while keeping the essential (or elementary) atarstics of ice sheet thermomechanics and ice streamlamhermore,

processeRrocessesontrolling grounding line motion are adapted in such a vy they can be represented at coarser resolu-
tions. This way, the model can more easily be integratedimvitbmputational-demanding Earth-system modelssielnew
grounding-line algorithm based on the zero effective pressonditions reigning at the contact with the ocean haa bae

plementedTsai et al., 2015)which leads to a more sensitive grounding-line resporiboutnecessarilyakinginto-aceount

othermeechan Me ale afiva d0 a a atata

| start by giving a detailed overview of the model and its comgnts. The initialisation procedure for the Antarcticsbeet
is then given, and finally, the sensitivity of the Antarctie isheet to sudden atmospheric and ocean warming is présente
centennial time scales. The appendices further descripétsef known benchmarks for grounded ice flow (Huybrechtd.e
1996, Payne et al., 2000}leatingice shelvegMacAyeal-et-al-1996;-Rommelaere-and-Ritz-1996)d marine ice sheet dy-

namics (Pattyn et al., 2012).

2 Model description

The model consists of diagnostic equations for ice velegjtand three prognostic equations for the temporal evolwf
ice thickness, ice temperature, and bedrock deformatioedit the ice. Prescribed boundary fields are equilibriudndmk
topography, basal sliding coefficients, geothermal heat #ind sea level. Present-day mean surface air temperances
precipitation are derived from data assimilation withiimzte models. Ablatioeanbeis determined from a Positive Degree-
Day model. A list of model symbols is provided in Tables 1-3ye&xeral overview of the Cartesian geometry used is given in
Fig. 1.

For the coupled ice sheet/ice shelf system the surfacetiava, is defined as

h, = max [b+h, (1—m)h+zsl}, 1)
Pu

wherer is the ice thicknesg is the bedrock elevation is the sea-level height with respect to the chosen datyrand
P are the ice and seawater density, respectively. It folldwas the bottom of the ice sheet equiajs= h, — h, and thati, = b
holds for the grounded ice sheet.



Symbol Description Units Value

a Surface mass balance (SMB) ma!

A Glen’s flow law factor Pa"a!

Ap, A} Basal sliding factor in power-law sliding Pa™ma !

Aoy Basal sliding factor for frozen conditions Pa™ma ! 10710

b Bedrock elevation m

bs Buttressing factor 0-1

cp Specific heat of ice Jkg ' K™? 2009

ep-Specificheatof seawatedkg—K—13974C,. | Calving rate ma’

Cs Friction coefficient in Schoof (2007a) Pam ™ sa | {Apfspyy—e A

co Till cohesion Pa 0

d Diffusion coefficient of grounded ice sheet flow | m? a™*

D Flexural rigidity of lithosphere Nm 10%

Ey Adjustment factor in Arrhenius equation 0:039.1-1

Finers Adjustment factor for sub-shelf melt rates 4+-80.125-1

fq Fractional area of shelf grid cell in contact with bed 0-1

-[.-Scalingtermfor strainheatingy Gravitational acceleration ms 2 9.81
Geothermal heat flux wWm—2

h Ice thickness m

he Bottom of ice sheet/ice shelf m

he Subgrid ice thickness on ice shelf edge m

hrleethicknessn-effectiveviseositym-h Interpolated ice thickness at grounding line m

hmax Maximum neighbouring ice thickness m

hs Ice sheet surface m

how Water column thickness under ice shelf m

K Thermal conductivity Jmils iK™ | 21

I-Latentheatof fusiondkg +3.35 > 10° L., Flexural length scale of the lithosphere

m Exponent in basal sliding law 2

ms Basal sliding exponent in Schoof (2007a) 1/m

M Basal melting rate under ice shelves ma!

n Glen’s flow law exponent 3

Nz, Ny Outward pointing normal vectors inandy

P Precipitation rate (accumulation) ma!

Table 1. Model symbols, units and nominal values



Symbol Description U
Pw Subglacial water pressure P
Py Point load on bedrock
q Exponent in Coulomb friction law
v Bedrock load P
g Ice flux at the grounding line
Qo Numerical coefficient in Tsai et al. (2015)
T Scaling factor in sliding law
R Gas constant J
S Surface melt rate m
- —1 31 - Mean ice column temperature K
= 5 T,, | Pressure melting temperature K
Toc Ocean temperature °
T Temperature at which basal sliding starts °
Ts Surface temperature K
T Homologous temperature K
AT Background temperature forcing °(
oT Scaling factor in mass balance forcing °(
U Horizontal ice velocities i direction m
Up Basal velocity inz direction m
Ug Velocity at the grounding line (Schoof, 2007a; Tsai et al., 2015
U0 Limit velocity in Coulomb friction law m
v Horizontal ice velocities iny direction m
Up Basal velocity iny direction m
v Vertical mean horizontal velocity m
vy Horizontal basal velocity m
Vg Horizontal deformational velocity m
wp Lithospheric deflection
We Weighting factor in calving law
wp Response to point load on bedrock
T,y Orthogonal horizontal coordinates m
z Vertical elevation, increasing upwards from reference plane|
Zsl Sea level elevation m

Table 2. Model symbols, units and nominal values (continued)



Symbol Description ‘ Units ‘ Value
B2 Basal friction coefficient
Botaverseef-Péeletrumbery Atmospheric lapse rate °cm! | 0.008
~rThermalexchangerelocityms—K—15510="A | Grid cell size, equal in: andy directions | m
S i i irecti : Minimum strain rate in effective viscosity a ! 10720
Effective viscosity Paa
Thermal diffusivity m?>st | 1.1487 x10°°
» Scaling factor in pore water pressure
Db Bedrock density kgm=3 | 3370
pi Ice density kgm=3 | 910
Pu Sea water density kgm=3 | 1028
w-Sealedverticalvelecity-¢ Till friction angle deg
Gmin minimum till friction angle deg 8-12
Dmax maximum till friction angle deg 30
ob Standard deviation of bedrock variability
(C] Buttressing at grounding line [0,1]
0 Ice temperature K
Oy Basal temperature K
0y Basal temperature of the ice shelf K
T Basal drag Pa
Te Coulomb stress Pa
T4 Driving stress Pa
T Free-water tensile stress Pa
Tazy Tyy Longitudinal stress i andy Pa
Relaxatiortimefor-temperatura, Relaxation time for lithospheric response a 3000
¢ Scaled vertical coordinate [0,1]

Table 3. Model symbols, units and nominal values (continued)
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Figure 1. General Cartesian geometry of the f.ETISh model.

2.1 Ice velocities
2.1.1 Approximations

The ice sheet/ice shelf model has several modes of operdepending on the boundary conditions that are applied nidst
elementary flow regime of the grounded ice sheet is accotditige Shallow-Ice approximation (SIA; Hutter, 1983), exded
with either a Weertman-type (or power-law) function or ahln/plastic Coulomb friction law for basal sliding. Ice KHlow

is governed by the Shallow-Shelf approximation (SSA; Modlal987; MacAyeal, 1989), defined by zero basal drag and
extended by a water-pressure condition at the seaward €dgeransition between both systems is given by a flux-candit

at the grounding line (Pollard and DeConto, 2009, 2012#)eeiderived from boundary layer theory based on SSA (SGL;
Schoof, 2007a) or given by a flux-condition based on Coulormgtidn at the grounding line (TGL; Tsai et al., 2015).

A second mode of operation is the hybrid mode, in which the ftegime of the grounded ice sheet is governed by a
combination of SIA, responsible for ice-deformational fland SSA for basal sliding (Bueler and Brown, 2009; Martialet
2011; Winkelmann et al., 2011). The hybrid modelr-be-is used in combination with power-law sliding or linear/plast
Coulomb friction underneath the ice sheet. All componehth@flow model are detailed in the sections below.

2.1.2 Shallow-Ice Approximation (SIA)

The Shallow-Ice approximation (SIA; Hutter, 1983) is comrmiyaused in ice sheet modelling. This approximation is védid
ice sheets of small aspect ratios« L, whereL is the horizontal length scale of the ice sheet domain, aridéucharacterized

by a low curvature and low sliding velocities. The approximais, however, not valid near grounding lines nor for ibelé
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flow, for which other approximations are applied (see belédwrording to SIA, the vertical mean horizontal velocityan ice
sheet is given by

V1A = Uy + 7h’7'd”

"l @)

wherer; = —p;ghVh is the driving stressd is the flow parameter in Glen’s flow law (with = 3), v, = (up,vp) is the
basal sliding velocity anaésia = (u,v) is the vertical mean horizontal velocity accordlng to SIAeTlow parameted is a
function of ice temperature (see Sect. 2Hemai i

lecatee-sheegeometry.

2.1.3 Hybrid Shallow-Shelf/Shallow-Ice approximation (H/SSA)

The flow velocity in an ice shelf or an ice stream characteriagelow drag is derived from the Stokes equations (Stoke$5)L8
by neglecting vertical shear terms and by integrating thesfbalance over the vertical. The resulting equationshozlénd,
1987; MacAyeal, 1989):

1o} ou 8 3
= —Td, (3)
0 ov ou 0 ov ou
2— | 2nh— — — — | =
ay(nha +h8> 8x(h(9 +nhay T,
= —Tdy, (4)
where

B ST
= 2 or y ox Oy

1-n)/2n
1 (du . a 2 L (1-n)/
4\ 0y Ox 0

; ®)

and wherery, = p;gh(dh,/0x) (similarforry ). o = 1020 is a small factor to keep finite, hence to prevent singularities
when velocity gradients are zero. For the ice shglf= 0, while for the grounded ice sheet the basal drag is a funafon
the friction at the base. The SSA stress-equilibrium equat(3) and (4) require boundary conditions to be specifiedcal
the contour which defines the boundary to the ice-shelf domalhich is taken as the edge of the computational domain,
irrespective of whether or not calving is considered. Dyitaronditions (specification of stress) are applied at teesnsard
edge, so that the vertically-integrated pressure baldraereads
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5 wheren,, n, are the outward-pointing normal vectors in thandy direction, respectively.

The ice shelf velocity field is needed for determining thesefffof buttressing in the grounding line flux conditions (see

below), as well as for the thickness evolution of the ice fstir the purpose of buttressing, velocity gradients ddveasn

from the grounding line are used to determine the longitaldstretching rate, which is compared to the stretching ohte

10

freely-floating ice shelf to determine a so-called butiresfactor. Fhisdeesnotrequireafull-selutionefthenen-linearsystem

. ou "
Exx = a - ATf )
where

1
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Both SIA and SSA velocities are combined to obtain the véjofaeld of the grounded ice sheet according to the hybrid
model (HySSA; Bueler and Brown, 2009). While Bueler and Brg&09) use a weighing function to ensure a continuous
solution of the velocity from the interior of the ice sheetass the grounding line to the ice shelf, Winkelmann et 011
have demonstrated that a simple addififam thegroundedce sheetvelocities)still guarantees a smooth transition. Thus basal
velocities for the grounded ice sheet are SSA velocities vgsa and

UV = UgIA + USsA (8)
for the velocity field in the grounded ice shekettheice shelf,the SIA velocity is keptzerothroughout.

2.1.4 Power-law basal sliding

Basal sliding is introduced as a Weertman sliding law, i.e.,

vy = Ay |n|" ', 9

wherer, is the basal shear stressg ¢ 7, for SIA), A} is a basal sliding factor, and is the basal sliding law exponent. The
basal sliding factord; is temperature dependent and allows for sliding within abgsnperature range between -3 afn€0
It further takes into account sub-grid sliding across maunaus terrain (Pollard et al., 2015):

Ag = (1 — ’I")Afmz —+ ’I"Ab, (10)

wherer = max[0, min[1, (T* — T,.)/(=T})]], Ao is the sliding coefficient in case of frozen bedrock (chosehe very
small but different from zero to avoid singularities in thashl friction calculation)7™ is the temperature corrected for the
dependence on pressure (see Sect. 2.4.3Yardmin[—3 — 0.20;], whereo,, is the standard deviation of bedrock elevation
within the grid cell (Pollard et al., 2015). Basal slidingtars A, are either considered constant in space/time or are dgatial
varying and obtained through optimization methods (se¢ 8el). Basal velocities in the hybrid model are definedulyioa

friction power law, where

7= BPup = Ay oy [V . (12)
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2 /—1/m 1/m—1 ‘Td‘km
3 = Ab |’U[)‘ ~ 714/
b

2.1.5 Coulomb friction law

Basal friction within the HySSA equations can also be catad based on a model for plastic till (Tulaczyk et al., 2000a
Several variations of a basal till model can be found in ttegditure (Schoof, 2006; Gagliardini et al., 2007; Buelat Brown,
2009; Winkelmann et al., 2011). Deformation of saturatidtivell modelled by a plastic (Coulomb friction) or neapiastic
rheology (Truffer et al., 2000; Tulaczyk et al., 2000a; Szh@006). Its yield stress. satisfies the Mohr—Coulomb relation:

Te =Co + Q\lztanqS (pigh - pw) ) (12)

where the term between brackets is the effective pressutteeabverlying ice on the saturated till (Cuffey and Pateyson
2010), or the ice overburden pressure minus the water peegsuc is the till cohesiond, = 0 is further considered), ang
is the till friction angle. The latter can be either taken asastant value or vary as a function of bedrock elevationr{$/t al.,
2014):

. b b—Zsl b b_zsl
¢_ ¢man&+<l+W&>¢maX7 (13)

and limited by ¢ = ¢min for b<—2162b — 24 < —10°m and ¢ = ¢uax for #>6-b— 24 > 0. Oy is a spatially-varyin
arameteusedto optimize the basalfriction field, in a similar way as A4;, in Eqg. (10). Without optimization,it takesthe

valueof O, = 1.
The most comprehensive approach to solve for the subglaatel pressure in Eq. (12) is due to Bueler and van Pelt (2015)

by considering a hydrological model of subglacial waterirtage within the till. However, Martin et al. (2011) propose

relate major till characteristics to bedrock geometry aifmliatill friction angle and basal water pressure to be a fiorcof

the bed elevation compared to sea level. This leads to zdwesak till and saturation in subglacial basins that are Wwelbw

sea level (Martin et al., 2011; Maris et al., 2014). Follogvtheir analysis, the subglacial water pressure is defined by

Pw = 096)\ppLgh (14)

Here, ), is a scaling factor such that the pore water pressure is naxifmen the ice is resting on bedrock at or below sea
level. Below sea level, the pores in the till are assumed teaberated with water sa, is then equal to 1. The factoy, is
scaled with the height above sea level up until 1000 m. At d&ev@ 1000 mJ,, is equal to O (Maris et al., 2014). While there

11
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is no direct physical evidence for such water-pressureiloigion in the interior of ice sheets, near grounding liireslirect
contact with the ocean, subglacial water pressure of gatlitdl may also be approximated by (Tsai et al., 2015):

zm—mﬂ«gga), (15)

which is valid forb<-0b — 24 < 0, otherwisep,, = 0. By definition,p,, = p;gh at the grounding line and underneath floating
ice shelves, so that the effective pressure becomes zeeterBand Brown (2009) consider the pore water pressurelyoasl
at most a fixed fraction (95%) of the ice overburden presgyyg. Winkelmann et al. (2011) use a fraction®96, which is
applied in Eq. (14).

To link Coulomb friction to basal drag, the formulation poged by Bueler and van Pelt (2015) is opted for, wherand
v, combine to determine, through a sliding law, i.e.,

Up

Te—— G+
oy

(16)

Ty —

where0 < ¢ < 1, anduy is a threshold sliding speed (Aschwanden et al., 2013). Thadinb friction law, Eq. (16), includes
the case; = 0, leading to the purely plastic (Coulomb) relation= 7.v,/|v,|. At least in theg <« 1 cases, the magnitude of
the basal shear stress becomes nearly independém|pfvhen|v,| > uo. Equation (16) could also be written in a generic
power-law formr, = 32|v, |7~ 1w, with coefficient3? = 7./ul; in the linear casg = 1, 5% = 7./uo (Bueler and van Pelt,
2015).

Alternatively, both the power-law sliding law Eq. (9) ancét@oulomb friction law Eq. (16) can be combined (Tsai et al.,
2015; Asay-Dauvis et al., 2015), by taking the lowest frinti@lue of both. Since at the grounding line basal slidingeities
are considered highest, this equally implies high basaj ra traditional power-law sliding lavdeweverexpressedsabasal

ictionlawEq- enabledo-derivehighslidingvelocitiesatlow-andnear-zerdasaldrag-Neverthele As aconsequence,
power law sliding/friction still leads to a relatively sipatransition in7;, at the grounding line (Tsai et al., 2015). Coulomb

basal conditions imply that basal drag vanishes towardgrtending line, thus ensuring a smooth transition betwhende
stream and ice shelf. Expressing the basal traction as

Tp = min lﬂzvb, chb] a7)

Jos|' 7 uf

2.1.6 Grounding-line flux condition for power-law sliding (SGL)

Previous studies have indicated that it is necessary tdveeite transition zone/boundary layer at sufficiently fiasalution
in order to capture grounding-line migration accurately@nd et al., 2009; Pattyn et al., 2012, 2013; Pattyn andrijra
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2013; Durand and Pattyn, 2015). In large-scale modelsgcHndead to unacceptably small time-steps and costly iatiegs.
Pollard and DeConto (2009, 2012a) incorporated the boyrdger solution of Schoof (2007a) directly in a numerica-ic
sheet model at coarse grid resolution, so the fjyxacross model grounding lines is given by

Apig)" T (1 — pi/pw)” ] 7T

n
@ ms 1
e,

dg =
mg+n+3
hg ™t (18)
This yields the vertically averaged velocity, = ¢,/h, Whereh, is the ice thickness at the grounding lir.in Eq. (18)
accounts for back stress at the grounding line due to batirg®y pinning points or lateral shear, and is defined as

@:bszx—’_(l_bf)Tf, (19)
Tf

wherer,, is the longitudinal stress just downstream of the groundiimg, calculated from the viscosity and strains in a

preliminary SSA solution without constraints given by Ebg), andr, the free-water tensile stress definedEe(20)-by

1 pi

Tf = 5Pigh (1 pw) : (20)
by is an additional buttressing factor to control the buttirggstrength of ice shelves and varies between 0 (no buittiggss

and 1 (full buttressing). As in Pollard and DeConto (20123)js Schoof’s basal sliding coefficient amd, the basal sliding

exponent, so that is related to the sliding coefficientt;, by

yearandC, = A,”"*, wherem, = 1/m. Grounding-line ice thicknes’, is I|nearly interpolated in space by estimating the
sub-grid position of the grounding line between the twoaunding floating and groundédgrid points. Therefore, the height
above floatation is linearly interpolatenh the ArakawaC-grid between those two points to where it is zero. Subsequently,
the bedrock elevation is linearly interpolated to that tawrg and the floatation thickness of ice for that bedrockatien

and current sea level is obtained (Pattyn et al., 2006; @adset al., 2010; Pollard and DeConto, 2012a). The velagjty

is then calculated at the grounding-line points and impaseen internal boundary condition for the flow equationschen
overriding the large-scale velocity solution at the grangdine. v, = ¢,/h, is imposed exactly at the-grid grounding line
point when the flux, is greater than the large-scale sheet-shelf equation’siflthe grounding lineFhisisaslightvariantot
Pollard-and-DeConteo{2012a).

Equation (18) applies equally to thedirection, withv, andr,, instead ofu, and7,,. Note that spatial gradients of
guantities parallel to the grounding line, which are notuded in Schoof’s flow-line derivation of Eq. (18), are nexjéal here
(Katz and Worster, 2010; Gudmundsson et al., 2012; Pattgh,e2013). This parametrization was also found to yieldites
comparable to SSA models solving transient grounding lingration at high spatial resolution of the order of hundretis
meters (Pattyn and Durand, 2013; Durand and Pattyn, 20&5pjte the fact that Eq. (18) applies to steady-state dondit
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2.1.7 Grounding-line flux condition for Coulomb friction (T GL)

The grounding-line parametrization based on the boundassritheory by Schoof (2007a) is invalid when Coulomb foiati
near the grounding line is considered and the effectivesstiends to zero. However, Tsai et al. (2015) offers suchudisnol
for vanishing Coulomb friction at the grounding line, andrisfore independent of basal sliding coefficients:

8A(pig)" 8A(pig)" pi\" T
— o 1—— n }n+2 21
w=% Frang T0pag\'ps) O @)

where@, ~ 0.61 is a numerical coefficient determined from the boundargfanalysis. The flux in thg direction is ob-
tained in a similar fashion. As in Eg. (18), buttressing ssab the same power 85— p;/p.,), which isn— 1. The performance
of both flux conditions is tested in Appendix C.

The TGL flux condition can be used in conjunction with powalbasal sliding. Indeed, Tsai et al. (2015) have shown
that the crossover from Coulomb to power-law roughly ocetiistresseg; 100 kPa, hence the Coulomb regime occurs within
<17 m above the floatation height. This is a very small heigffiéidince, which implies that in most cases —with exception
of ice plains— a narrow Coulomb regime exists, within a ged of a continental-scale model.

2.2 Ice thickness evolution

Ice sheet thickness evolution is based on mass conseryigaating to the continuity equation. For the general iceegee
shelf system, this is written as:

Oh _ O(uh) 9(vh) .
ot Oz Oy ta-M, (22)

wherea is the surface mass balance (accumulation minus surfaagat)l and)M is the basal melt rate (solely underneath

ice shelves, as basal melt rates underneath the ice shamitamecounted for). The treatments of the various local aeg
or losses (surface mass balance, etc.) are described irséations. For th&IA modelin the grounded ice sheet, Eq. (22) is

written as a diffusion equation for ice thickness (Huybiscth992):

9 (Oh+th)\ 0 [ 0hth) .
5 = B (dax )+ 3 (day ta-M, (23)

whereh,, is the bottom of the ice sheet (or the bedrock elevatitor the grounded ice sheet).

Itis also ensured that thinning due to grounding line reteas not exceed the maximum permissible rate, using thealre
knowledge of maximum possible stresses at the groundieghiat is called the ‘maximum strain check’. Similar to Ritak
(2015), tensile stressasthegroundingline are ensured to not exceed those from buttressing by wateg dle., the free-water
tensile stress, and calculate the maximum correspondiag shate, expressed as a maximum thinning réteefree-water

; .
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oh . O(uh) 0O(vh)
o = M=o dy
) , ou ov .
< (I,fZ\th% fha—y =a— M —2Ahty.

2.3 Calving and sub-shelf pinning

Ice-front calving is obtained from the large scale stredd {ieollard and DeConto, 2012a), based on the horizontargence
of the ice-shelf velocities and which is similar to pararzettions used elsewhere (Martin et al., 2011; Winkelmarai.et
2011; Levermann et al., 2012). The calving réteis defined as

(24)

ou v weh
L= 1—w,. 10° — 4+ — c <
C.=30(1 —w.)+3x10 max(ax—kay,O) A

wherew,. = min(1, h./200) is a weight factor and.. is the subgrid ice thickness within a fraction of the ice edge cell
that is occupied by ice (Pollard and DeConto, 2012a), defiryed

he = max [hmax X max (0.25,e*h"“‘”‘/100> ,30, h} (25)

where a minimum ice thickness of 30 m avoids too thin ice g®l¥he value ok, is defined as the maximum ice thick-
ness of the surrounding grid cells (grounded or floating) &e not adjacent to the ocean (Pollard and DeConto, 200t2a).
calving rateC’. is then subtracted from the basal melt rafein Eq. (22).

Given the relatively low spatial resolution of a large-gciake-sheet model, small pinning points underneath icevebelue
to small bathymetric rises scraping the bottom of the ice exaiting an extra back pressure on the ice shelf (Berger,et al
2016; Favier et al., 2016) are not taken into account. Toamrae this a simple parametrization based on the standaiatioev

of observed bathymetry within each model cell was accoufatetd introduce a given amount of basal friction of the icelh
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(Pollard and DeConto, 2012a). The fractional afgaf ice in contact with sub-grid bathymetric high is definedasdified
from Pollard and DeConto, 2012a):

fq = max [O, 1— hw] (26)

O
whereh,, is the thickness of the water column underneath the ice simel, is the standard deviation of the bedrock
variability (see above). This factgf; is multiplied with 5% in the basal friction. For the grounded ice shefgt=1; for the
floating ice shelf in deeper waterg, = 0, so that the ice shelf does not experience any friction.

2.4 Ice temperature and rheology

2.4.1 Ice-sheet temperature

The steady-statdiffusion—advection equation for an ice sheetritscentre(in-absencof-horizontaladveetion)is given by
Huybrechts, 1992):

020 06 06 0?0 00 00 o

OTQ—W(C)G*C@ZQ% o

- _ = 27
"o o oy ey 0

Bo

wherex = K/p;c, is the thermal diffusivity of ice K is the thermal conductivity;, is the heat capacity of icé, is the

ice temperature
sheetandw-
first] Hind 1996
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10 D = —p;g(hs — 2)Vh,0v,/0z representdeformationaheating wherefisthetemperatur@atthesurfaceof theice sheet.
v, IS thedeformationalelocity componenfv, = v — v,,). The basal boundary condition is given by

90, 060y G+ 7a(vs+ fsva) G+ Tavy
% 0x K K

(28)

whereG is the geothermal heat flux and the second term represectisifidl heating at the base. The last term in Eg. (28)

15

&deterﬁwnee#em{#*easwwbeﬂelwmﬂe*peﬁmei%{ Giventhetwo-dimensionahatureof the model, thetemperature
field employsshapefunctionsfor vertical profilesof deformationalelocity v, its vertical gradient,andthe vertical velocity,

20 and( =1 at the bottom of the ice sheet.The use of shapefunction allows for a fastercalculationof the thermodynamic
model. However,sincethis is an approximationcomparedo fully solving Eg. 27, the EISMINT-I benchmarkexperiments
Huybrechts et al., 1996) weperformedandresultsaregivenin Appendix A}.
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2.4.2 Ice-shelf temperature

In ice shelves, a simple temperature model is adopted, d@emsg the accumulation at the surface balanced by basghmel

underneath an ice shelf and with only vertical diffusion adslection into play (Holland and Jenkins, 1999):

(Ts — 05) exp(B1) + 65 — Ts exp(B2)
1—exp(fB2) ’

whereS; = aCh/k, p2 = ah/k, andd; is the ocean temperature at the base of the ice shelf, cedréat ice-shelf depth,
i.e., 08 =T,.=—1.7—0.12 x 1073h,, (Maris et al., 2014).

0(¢) =

(29)

2.4.3 Femperature-evelution

2.4.3 Thermomechanicalcouplin

The mean column temperatufes obtained by integrating from the base of the ice sheet to a given height in the ice colum
Since most of the ice deformation is in the bottom layers efite sheet, the temperature closest to the bottom detesmine
to a large extent the deformational properties. Comparddltéhermomechanically-coupled ice sheet models, satisiy
results where obtained by considering a mean column teryperr the lower most 10-40% of the ice column. This fractio
can also be regarded as an extra tuning parameter in an elesempespecially given the large uncertainties pertginm

geothermal heat flow underneath major ice sheets.tifheevelution-of-the-meancelumntemperaturdsintroducedasa

h/a  (advection)

h?/k (diffusion)

T = min
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Fheflow parameter and its temperature dependence on temperature are spasifireduybrechts (1992) and Pollard and DeConto

(2012a):
—13.9x 104
A = E A7 x 1010 Bkt
X 5.47 x 10 exp( T )
if T*>263.15K, (30)
—6.0 x 104
A = E;x114x107° o
X x 10 exp( R >
if T* <263.15K, (31)

whereT* = T — T, is the homologous temperature, with, = —8.66 x 10~*(1 — ¢)h the pressure melting correction and
R the gas constant. Units of are Pa?® yr—! corresponding ta = 3. The enhancement factdi; is set to 1 for the main ice
sheet modebutlowerfortheflow-of-andto £, = 0.5 for ice shelves. The ratio of enhancement factors represdetetites in

fabric anisotropy between grounded and ice shelf ice (M& 2@L10).Mereevergiventhelinearisatiorofthe SSAequations,
thisfurtherrequiresanadjustmen{seeAppendix??)--Verification of the thermomechanical coupling scheme usinegrtical
mean value ofd follows the EISMINT-1I benchmarlexperimentgPayne et al., 2000) and detailed in Appendix B.

2.5 Bedrock deformation

The response of the bedrock to changing ice and ocean loadbk/exd through a combined time-lagged asthenospherix-rela
ation and elastic lithospheric response due to the appd (Huybrechts and de Wolde, 1999; Pollard and DeCont@&)01
The deflection of the lithosphere is given by

DV wy, + ppgws = g » (32)

whereD is the flexural rigidity of the lithosphere, ang is the bedrock density. The load is then defined by

= pigh + pwghw — pigh®® — pwghsy, (33)

whereh,, is the ocean column thickness, aift andh? are the values of ice thickness and ocean column thicknesglin
librium, respectivelytakenfrom modernobservedields Equation (32) is solved by a Green'’s function (Huybrechis ée Wolde,
1999). The response to a point loBg (g, x area) versus distance from the point Idaslthen given by

P,L? l
wy(l) = 27erk I(L ) , (34)

wherekei is a Kelvin function of zeroth order (defined as the imaginaayt of a modified Bessel function of the second
kind), andL,, = (D/pyg)*/* ~ 132 km is the flexural length scale. For any load, the differenti@a of the point loads,,
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Figure 2. Staggered grids used in the model: the basic grid is the ice-thickness lgoir(sn open circles)u andv velocities for the
ice shelves (and ice streams) are calculated on two different staglyexieawa C grids (filled circles and squares, respectively). Diffusion

coefficientsd in the ice-sheet equation are solved on an Arakawa B grid (crossadesju

are summed over all grid cells to yield, (z,y). Finally, the actual rate of change in bedrock elevationiisrgby a simple

relaxation scheme:

0b 1

— =——(b—1 ) 35

ot Tw ( ) (35)
whereb is the actual bedrock elevatiobf,! is the elevation in equilibriunftakenfrom modernobservedields) andr,, =

3000 year (Pollard and DeConto, 2012a).

2.6 Numerical grid and solution

The ice sheet-shelf model uses a finite-difference stadagid, where horizontal velocitigs:, v) are calculated on two sepa-
rate staggered Arakawa C-grids, as is usual for vector fi@ldsnmelaere and Ritz, 1996), while diffusion coefficiemtisthe
ice-sheet equatiod are calculated on an Arakawa B-grid, staggered in bho#ndy direction, since these are scalar quan-
tities (Fig. 2). The f.ETISh modes-essentialitwo-dimensionalwith-variablecoordinateq s v )-in-the plane-Theice sheet
medetuses no vertical coordinate;e- i i i i i i

ierexceptfor the temperature
field calculation.Here, the scaledvertical coordinatesystemconsistsof 11 irregularly-spacediayers,with a minimum layer
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thicknesf A¢ = 0.015 atthebottom.Thisway,thenumberof verticallayerscanbegreatlyreducedasmostof thevariabilit

of theverticaltemperaturerofile is situatedcloseto the bed
The SSA velocity field Eqgs. (3—4) is solved as a sparse lingstes where botl, andv component are solved as once in

one matrixA with size(2 x N, x N,) by (2 x N, x N,):

Ape Apz =) by (36)

Ayy Ayy v by

where N,, N, are the number of grid points in the y direction, respectively. The submatricés,,, A, contain the
coefficients for the solution in the direction foru andwv, respectively.A.,,, A, are defined in a similar way. Due to the
independenhaturedependencef the effective viscosity) on u,v, the solution requirese-iteratiora few iterationsto reach
convergenceA similar solution approach is taken for solving the coutin equation for ice thickness (Payne and Dongelmans,
1997), which was favoured over an Alternating Direct Imjplscheme used in several ice-sheet models (Huybrecht2,; 199
Pollard and DeConto, 2012a).

The f.ETISh model is implemented in MATLAB Computational improvements involved the omission ofailoops by
using circular shifts (with exception of the time loop), ey optimizing the use of matrix operations. The bulk of eom
putational time is devoted to the solution of the sparse imatrstems, which are natively optimized in MATLABusing
multi-threading. A preconditioned conjugate gradienttmetis used for solving the ice sheet/ice shelf continuityatipn.
The velocity field in the hybrid model is solved using a stabill bi-conjugate gradients method, which is also predardid
and further initialized by the velocity field solution frore previous time step. Both numerical solvers are iteratiw the
preconditioning limits the number of iterations to reacmeergence They are considerablyfastercomparecto the direct
solution.

The f.ETISh model is compared to other ice sheet models vaiassof benchmarks, such as the EISMINT-I benchmark
for isothermal ice-sheet models (Huybrechts et al., 19%fehdix A), the EISMINT-II benchmark for thermomechanigal
coupled ice sheet models (Payne et al., 2000, Appendix BYrenMISMIP experiments for marine ice-sheet models (Rattyal.,
2012, Appendix C). Results show that the f.ETISh model idase agreement with all of the benchmark experiments.

3 Input and climate forcing

3.1 Inputdata sets

For modelling the Antarctic ice sheet, the bedrock topogyap based on the Bedmap2 data (Fretwell et al., 2013), froratw
ice thickness, present-day surface topography and grogiutie position are derived. Surface mass balance andaiertyves
are obtained from Van Wessem et al. (2014), based on thetaftthe regional atmospheric climate model RACMO2 for the

period 1979-2011 and evaluated using 3@84dtu mass balance observations and ice-balance velocities.
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For geothermal heat flux we employ a recent update of Fox-&ewhl. (2005) due to Purucker (2013). It is based on low-
resolution magnetic observations acquired by the CHAMEIl#at between 2000 and 2010, and produced from the MF-6
model following the same technique as described in Fox-Matibl. (2005).

All datasets are resampled on the spatial resolution ugetidoexperiments. The experiments shown in this paper gmplo

a grid spacing of 25 (and in a few cases 40 or 16) km.
3.2 Atmospheric and ocean forcing

Atmospheric forcing is applied in a parametrized way, basethe observed fields of precipitation (accumulation rate)
surface temperature. For a change in background (foromgpérature\T’, corresponding fields of precipitatidn and atmo-
spheric temperatur€; are defined by (Huybrechts et al., 1998; Pollard and DeC@tb2a)

T, = T —v(hs—h™)+AT, (37)

—  Obs x Q(Te—T2*)/6T (38)

wherey = 0.008C m~! is the lapse rate andll’ is 10°C (Pollard and DeConto, 2012a). The subscript ‘obs’ referthé
present-day observed value. Any forcing (increase) in twamknd then leads to an overall increase in surface temyperat
corrected for elevation changes according to the enviromahéapse rate,. The parametrizations &f;, and P can easily be
replaced by values that stem from GCMs, with appropriatesctions for surface elevation (e.g., de Boer et al., 2015).

Surface melt is parametrized using a positive degree-dayem@iuybrechts and de Wolde, 1999). The total amount of
positive degree days (PDD) is obtained as

A
PDD = ! /
o
0

T+2.50 —\ 2
(T-T)
Texp [~y | dT| dt, (39)
20

0

3

whereo is taken as 5C (Reeh, 1989) and is the mean annual temperature. The annual number of positigree days
represents a melt potential, used to melt snow and (supesiea)) ice. This is determined by applying a seasonal cycle to
the atmospheric temperatures with a double amplitude &€20nearly increasing to 3@ at an elevation of 3000 m, and
kept at 30C at higher elevations (Pollard and DeConto, 2012a). The Ri2ld potential is related to surface melt through a
coefficient of 0.005 m of melt per degree day (Pollard and De@®012a). Although more complex schemes are often used,
taking into account refreezing of percolating meltwatethia snow pack and melting of superimposed ice with diffenselt
coefficients (Huybrechts and de Wolde, 1999), which is atsdiomed by recent observations (Machguth et al., 2016jasear
melt is rather limited for the present-day Antarctic iceeth&urface mass balance is then the sum of the different coemts,
i.e.,a=P — S, whereS =0.005x PDD is the surface melt rate.
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Melting underneath the floating ice shelves is often basguhoametrizations that relate sub-shelf melting to oceapéza-
ture and ice-shelf depth (Beckmann and Goosse, 2003; Hbdlaal., 2008), either in a linear or a quadratic way (Martiale
2011; Pollard and DeConto, 2012a; de Boer et al., 2015; D&Caord Pollard, 2016). This leads to higher melt rates close t
the grounding line, as the ice-shelf bottom is the Iomiébemadaptatlon by Holland et al. (2008) and Pollard and DeConto
(2012a) is implemented in f.ETISk

Pw Fpo’YT

M = Fie
L

|1_‘()(: - Tf()‘ (ﬂ)(: - Tfu) 3

melt were usedin the experimentdor this paper,scaledby a melt factor £}, a-distinetionis-madebetween, This factor
distinguishegrotected ice shelves (Ross and Ronne-Filchner; Fignvi8) a meltfacterofFrr—=-1-andscalingfactor of

F, =(0.125, from all other ice shelvesvith-a-meltfactorofFrar==38{(Pollard-and-DeConto,2012hat havea scalin
factor of F,., = 1. A similar approach has been taken by many other ice-shedtlsaited in de Boer et al. (2015}he

4 Present-day Antarctic ice sheet simulation

4.1 Initialization

Model initialization to the modern Antarctic ice sheet getm is based on the method by Pollard and DeConto (2012b)
by optimizing basal sliding coefficients in an iterativeHams. This nudging scheme embinedwith-appliedto both the
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Figure 3. Bedrock topography (colour (m a.s.l.); Fretwell et al., 2013) anthase contours (grey; every 1000 m) of the Antarctic ice sheet,
and ice sheet features mentioned in this paper. WAIS = West Antarctibées; £AIS = East Antarctic ice sheet; PIG = Pine Island Glacier;
TWG = Thwaites Glacier; IS = ice shelf. Grounding lines are shown in blaekshelf edges as a red line.

Weertman-type power lawguationfer-basalsliding-butandthe Coulombfriction law, sothatit can be used in conjunction

with the two types of grounding-line flux conditions. The neb@vith grounding lines and floating ice constrained as deed

above) is run forward in time, starting from modern observed and ice surface elevations dneherconstrainedlriven by

the observed climatology (surface mass balance and tetapexa-ull thermomechanical coupling and temperaturéution,
isostatic bedrock adjustmestwell-as, calving and sub-grid ice-shelf pinning is equally consaitkeBasatstiding-For the
Weertmansliding law, basalsliding coefficientsA, (z,y) are initialized with a constant valuelf =3 x 10~ m a™! Pa?)

for the grounded ice sheet and a higher valdg 10~°> m a! Pa 2) underneath ice shelves and the ocean, to account for
slippery saturated marine sediments in case of re-grogndinintervals of At;,, years, at eachrid-peintwith-grounded
iee-groundedice grid point, the local basal sliding coefficientd,(z,y) in Eq. (9) are adjusted by a multiplicative factor
(Pollard and DeConto, 2012b):

Ap = Ay x 10%7 (40)
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where

__ p,0bs
Az = max [1.5,min <1.5,hshs)] , (41)

hisnv

and where:2™ is the observed icthicknesssurfaceelevationandh™ is a scaling constant. During the inversion procedure,
basal temperature is still allowed to influence sliding. usdgd A} (z,y) values are also not allowed to exces > m a*
Pa 2, representing the slipperiest deformable sediment. Agthanding line, observed surface velocities (Rignot e2a11)
are used to define the buttressing factors at the groundiegrii the grounding-line flux condition. Values fdy; are only
updated whem > 0 in Eq. (10), so that they are kept unchanged when ice is fraz#re bedrock.

In addition to Pollard and DeConto (2012b) we also introdacegularization term that essentially smooths high-feaqy
noise in the basal sliding coefficients by using a Savitskya filter of degree 3, with a span @06160 km (surrounding
influence matrix). Théfluenreematrixisthusmadeafunctionefhorizontaldistancansteadbf afixedeeltsize-Fheadvantage
of such filter is that it keeps lower-frequency variabilitgact while removing high-frequency noiserisfurtherimprovesthe
finakfit-The filter is only appliedfor marineareas(b — 2, < 0) asit improvesthe fit in theseareascompared to the non-
regularized case antiguarantees a smooth transition between the intssbloekbedand the more slippery ocean beds under

present-day ice shelves.

For the Coulombfriction law, optimizationstartswith a constanfield of O;, = 1. Eqg.40thentransformso

03 =0 x 107", (2)

Valuesof O, arelimited betweer0.01and5 in orderto keeptan ¢ betweerphysicallyplausiblevalues.
Optimized basal sliding coefficients (FigR4) for the Antarctic ice sheet on a spatial resolution of 25 kemenobtained after

a forward integration 0£0880,000 years withmm=-4000-antAtmm=">500-h;,, = 2000 and At;,, = 1000 year. This results
in a small differencéwithin 100m) between the observed and the steady-state modelled tqingsurfacef theinteriorice
ghweAeA(Fig. L Cerinlernn ke s s e sie meadl e bovs ool e ma e s s heiee chelacdocono oo e i

theStA-medel4). The highest sliding coefficients are found in the marginaar especially in the Siple Coast sector, as well
as under Pine Island and Thwaites Glaciers. Higher valueslao encountered in the centre of the ice sheet, whichas als
obvious in other studies (Pollard and DeConto, 2012b; Besnet al., 2016). These areas also show larger misfits 27.
and may be attributed to the poor knowledge of bedrock tagagyr, so that uncertainties are translated into a basébfric

anomaly.
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Figure 4. OptimizedTop row: optimizedbasal sliding coefficientsl; (x,y) after20080,000 years of integrationtith-rm——=-40006-(left);
differencebetweeroptimizedandA+—=-500-yeanbservedsurfaceelevation(center)basaltemperatureelativeto pressurenelting point

right). Bottomrow: similar astop row but with optimizedfriction coefficientsO; accordingto the Coulombfriction law.

andupdatingintervals:The obtained patterns are generalagreement with the results from Pollard and DeConto (20lRa,
TFhe, i.e., thelargest errors are found around the major mountain ranggs Teansantarctic Mountains), since outlet glaciers
protruding through these mountain ranges are not well sgmted on coarser grid cells. However, this fit has been wagro
by including bedrock variability in determining basal #tig coefficientsA4; in Eq. (10) to allow for basal sliding of smaller
outlet glaciers across mountain ranges.

The lower row of Fig. 4 displaysthe resultfor the Coulombfriction law, in combinationwith the grounding-lineflux
conditionof Tsai et al. (2015)The patternof optimizedfriction parameterss similarto the oneobtainedior Weertmarslidin

butinverse sinceit displaysfriction insteadof sliding). The optimizationresultsin asli

26



5

0.1

10 T T T T T T T T T

; ; All velocities
Grounded
Floating

=
o

Observed velocity (m a™%)
Percentage of grid cells

=
o

10 10° 10 0 200 400 600 800 1000 1200 1400 1600 1800 2000

Modelled velocity (m a™%) Surface velocity (m a%)

Figure 5. MedelledObservedtop left) andmodelled(top right) ice sheet surface velocities after optimizatipnint-by-pointscatterploof
modelledandobservedRignot et al., 2011) icaheet(blue)andice shelf

reen)velocities(bottomleft); histogramof velocity distribution

of observeddashedandmodelled(solid) velocities Eachof the bins containsa velocity rangeof 50m a~* (bottomright).

4.2 Model validation

Modelled velocities form an independent check of the moaelggmance, since the optimized basal sliding coefficiants
obtained solely from the observed surface topography. Todetted flow field of the Antarctic ice sheet (Fig. 5) compaxed

to observations of surface velocities due to Rignot et 81113, such as the delineation of the different drainageisasid ma-

jor ice streams discharging into the ice shelves. Some disagent is found on glaciers discharging through the Tratasztic
Mountains in the Ross ice shelf as well as glaciers near tlssv&ith Mountains discharging in the Ronne ice shelf. Those

mismatches can be traced bdmskto the difficulty in resolving those feature during the initzaltion process.
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A direct comparison between the present-day velocity fi@drfot et al., 2011) and modelled velocitiase-shewnin

Figs—2?-and22s shownin Fig. 5. The scatterplotFig—22-shows a qualitatively good one-to-one fit for both the gradhd
ice sheet and the floating ice shelves. Quantitative erralyais shows a mean misfit @811 m a~! with a standard devia-

tion of 236190m a ! for the grounded ice flow, and a mean misfit=¥87 m a ! with a standard deviation &491572m
a~! for the floating ice shelves. The histogram compariféia—2?-demonstrates a good overall fit of observed and mod-

elled velocity magnitudesThemodelledvelocitiesareslightly-higherthanthe observationswhich-canbeattributedtothe

5 Sensitivity experiments

5.1 Sensitivity to ice-shelf de-buttressing

Ice shelves are the prime gatekeepers of Antarctic cornth@® discharge. The breakup of the Larsen B ice shelf (Big.
and the subsequent speed-up of outlet glaciers that psyidischarged into the ice shelf witness this importantaibsity
mechanism (Scambos et al., 2000, 2004). In West Antaratfzservational evidence (Rignot et al., 2014) as well as tfinde
studies (Favier et al., 2014; Joughin et al., 2014; Seraisdi, 2014) show that the reduction in buttressing of ich\&s in
the Amundsen Sea embayment may lead to significant inlanth&ss loss, and that unstoppable retreat of the groundiag lin
of Thwaites Glacier may already be on its way (Joughin eRétl4).

Since ice shelf buttressing is a key element in the stabilitthe Antarctic ice sheet, a useful experiment to undedstan
underlying model buttressing physics is the sudden renahll floating ice shelves, starting from the initialized deb state,
and to let the model evolve over time. Over this period icédv&sawere not allowed to regrow, which is equivalenatmnstant

remevalofremovingall floating iceat eachtime step This experiment is carried out féretwo-implementeddroundingline
physicshreecasesi.e., (i) power-lawsliding with the flux condition according to Schoof (2007a) (S&ié, (i) Coulomb

friction with flux conditionaccordingto Tsai et al. (2015) (TGL)especetivelyBoth-and(iii) power-lawsliding with the TGL
condition(TGL-1). All experiments result in a sudden ice-mass loss and groutidmgetreat, whereby the West Antarctic

ice sheet collapses entirely in less than 200 years acaptdiSGL and less than 100 years according to TGL, respegtivel

(FigsFig. 6and-2?—Forbeth). Both TGL experimentdead to a similar massloss (both in termsof timing and volume).
Thereforethedecisivefactorgoverningmasschangess the grounding-lineflux conditionandnot the sliding/friction law that
is employedfor thegroundedce sheet.
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Figure 6. Top: Grounded ice sheet surface elevation (m a.s.l.), 500 years afigesuemoval of all ice shelvgsft)-and. Bottom:grounding-
line position in time according to the same experimeigih;-colour scale is nonlinear and represents tiigig yearg )-for the Weertman
sliding law with SGL condition(tegleft), Coulombfriction law with TGL condition(center) andWeertmarsliding law with TGL condition
(bettonTight)grounding-tineflux-conditions SLR denotes the contribution to sea level rise after 500 years.

For all experiments, grounding-line retreat starts in the marawtiens discharging in the Ronne and Ross ice shelves. For
the SGL experiment, the retreat from Ellsworth Land leadthiioning in the inland sectors of the Pine Island basin, Whic
after >50 years triggers grounding-line retreat from Pine Islamact@r and subsequently Thwaites Glacier. Grounding-line
retreat then spreads rapidly towards the Ross sector of &s¢ Aitarctic ice sheet, leading to a complete disintegmadf the
ice sheet within 150 years. However, tbe TGL-experimerhoth TGL experimentsinitial grounding-line retreat also occurs
in the Amundsen Sea sector, whereby the retreat is much tasiehe ice sheet collapses within less than 100 yearsh&not
major difference betwedmthSGLandTGL experiments is that the totatasdessSLR contributionfor TGL is three times as
large compared to SGL, i.excentributiontosea-leveliseef~1216 m for TGL compared te-4-55 m for SGL after 500 years.
The extra mass loss is essentially located in the East Aitace sheet, i.e., Wilkes and Aurora basins (Wilkes Larid; B),
both losing substantial amounts of ice. Despite the preseha sill at the outlet of Wilkes subglacial basin, groumgliime
retreat occurs without invoking any other physical mecsiarthan the flux condition at the grounding line in combinatiath
complete ice shelf collapse. These results contrast withddeand Levermann (2014) who require the removal of a specifi
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coastal ice volume equivalent to 80 mmsafalevelrise-SLR in order to provoke an unstable grounding-line retreat with
Wilkes basin.

The higher TGL grounding-line sensitivity must be soughitsnunderlying physics: at the grounding line the basal shea
stress vanishes in a smooth way to reach zero exactly att@ding line. As shown by Tsai et al. (2015), this is not theeca
for the SGL algorithm, where a sharp contrast between tla@éhhon-zero basal shear stress and the ocean exists. Tihid-bo
ary becomes smoother with larger sliding velocities, legdd a larger transition zone (Pattyn et al., 2006; Gladstdral.,

2012; Feldmann et al., 2014), but the transition jump doe¢vawish.Ferbethease{SGLandTGL),removaloficeshelves
leadsto-anincreasan-driving stresse3he SGL conditionat the grounding lings thereforeafunctionof thefriction coefficient

power-lawcondition(SGL). The highersensitivityfor TSL is also demonstrated in the modified MISMIP experiments (Ap-
pendix C).Additionally, | carriedouta seriesof sensitivitytestsby fixing the valueof thetill friction angleatthe grounding

line ¢, rangingfrom 10to 60°. Only for ¢ > 50° did thesensitivitydecreasehuttheamountof masdosswasstill significantl
higherthanwith the SGL condition.

5.2 Sensitivity to sub-shelf melt

Antarctic ice sheet sensitivity to sub-shelf melting isdastigated with a multi-parameter/multi-resolution foigiensemble
over a period of 500 yearg+—few-experimentsvere-alse+runr-over5000years-Atmospheric forcing includes changes in
background temperatur®T’, ranging from 0 to +8.5C, affecting both surface temperature, Eq. (37), and serfaass balance,
Eq. (38), through the mass balance—elevation feedbactac@melt is calculated with the PDD model, Eq. (39). Oceacirig

is based on constant forcing values of sub-shelf melfidg, ranging from 0 to 50 ma! underneath the freely floating ice

shelves surrounding the Antarctic ice sheet, and betweed 6.25 m a' for the Ronne-Filchner and Ross ice shelves (factor

8 less compared to the freely-floating ice shelves). Meligng
ingline-asis-denein-sememedelsonly appliedto fully floatinggrid cells,withouttakinginto accounthe
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Figure 7. Evolution of sea-level contribution (top) and rate of sea-level rise (botts a function of basal melting underneath ice shelves
and background temperature change for the 25 km (left) and 40 kht)(sgatial resolutionsiemperaturdtmospheridemperaturgorcing

is as follows: OC (dotted), 2.2C (dash-dety4d-5>C{dashed), and 8% (solid line). The thick lines correspond to the SGL grounding-line
flux, while the thin lines correspond to the TGL flux.
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fractionalareaof groundedyrid pointsthatareactuallyafloat,asdonein afew studiegFeldmann et al., 2014; Golledge et al.,
2015). All forcings are applied as a sudden change in terntyefanelt rate starting from the initialized model. A baakgnd

run (without applying the forcing anomaly) is also perfordrte determine the model drift on the different time scaldse T
experiments are run for different combinations of suddeangles in background temperature/basal melting rate uedtrn
the ice shelves on a grid size &f = 25 km (as well as on @\ =40 km grid to test gnd size dependence). A few runs are
performed on a grid size &k = 16 km for comparisonFhisgi i

Sea-level contribution according to the forcing experitaamd rate of change of sea level for the= 25,40 km spatial res-
olutions are shown in Fig. 7. These are determined from thegm in ice volume above floatatieheneedenoetrepresenthe

SLRaccording to the forcings ranges between -0.5&8d m after 500 yearsSealevelriselt increases with increasing sub-
shelf melt rates and slightly decreases with increasingsyimeric temperature forcing. The latter is duthtsnereasednigher
precipitation rates in a warmer climate, leading to an iaseein grounded ice magsowever,for largeratmospheridorcing
precipitationrates . The different curves in Fig. 7 are clustered according teshadf melt rate, which is the most decisive pro-
cess governing mass loss. Atmospheric forcing, howeverphly a limited effect, probably because the time scaleidensd
(500 years) is too short to relax the ice sheet to the impasegerature and precipitation changmsdbecauseveakeningf

ice shelvegthroughhydro-fracturingis not takeninto account Model drift (zero forcing anomaly) is between 60 and 75 cm
of sea level lowering over a period of 500 years, or 0.2—0.3% @ total Antarctic ice sheet volume per Century. This is
comparable to other Antarctic model studies (e.g., Nowatkil., 2013) and shows that the initialization is ratheblstand
close to steady-state.

The majoreh ifferencesin sea-level response-with-respeeiaredueto the treatment of grounding-line fluxes.
The-As shownabove,the TGL flux condition systematically leads to significant higineass losses, making grounding-line
migration a more sensitive processalreadyshewnin-(Sect. 5.]. The higher sensitivity leads to a rate of change in sea level
of up to2630mm a*. These high values correspond to periods when the marirghést runs into a major instability (MISI).
Note, however, that such rates are still significantly lothemn those obtained during the ice-shelf removal experigaptio
I-m-a—-Fig—2?-—. For the SGL flux condition, these values are half as much, am@émMISIs occur generally at a later
stage during the model run. Compared to other studies (@Ggdlet al., 2015; Ritz et al., 2015; DeConto and Pollard, 2016
the TGL flux conditions puts sea-level contributions at tlghlend of the spectruamdis-cemparabldothemere‘aggressive’
grounding-linemigrationsetupin-Golledge-etal{2015)

Only the higher melt-rate scenarid29(-56>10m a~') produce significant MISIs over this time period. They firstor in
the West Antarctic ice sheet (WAIS), starting from eithareéPlisland or Thwaites Glacier, progressing inland. OtheBMirone
areas are the Bellingshausen Sea (WAIS) and Wilkes basst fdarctic ice sheet — EAIS). Contrary to the de-buttiegsi
experiment in Sect. 5.1, MISIs are not initially triggeredhe Siple Coast area, nor through Ellsworth Land. Thisadably
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W(Wandeempa{eet@%m km FesuH;@L-gvas) for experimentswvithout atmospheridorcing (only melt),

due to the lower imposed melt rates, so that both Ronne ansl iBReshelves remain buttressed for a longer period of time.

The effect of spatial resolution on model result is sumneatin Fig. 8 in addition to the data presentedigsFig. 7and
22. Coarser resolutions (40 km) give comparable results t@fhkm grlcbﬁaemgwmﬁrahnesteﬂe-te—méﬂ—ef—sea—level
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—, especiallyfor zeromelt forcing andthe highestmelt forcing accordingto Coulomb-TGL.Thosecasesorrespondo either
absenceof MISIs (low SLR) or completedisintegrationof WAIS (high SLR). The main reason for this relatively good fit

must be sought in the grounding line flux conditions (SGL a@L)that make the model resolution-independent. Models

10

15
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25

that are not based on such heuristics have to resolve gmgitide migration at sub-kilometre resolutions (Pattynlgt2913;
Pattyn and Durand, 2013).

Hewever;Differencesin responsémediumscenariospre dueto the precisetiming of MISIs, that seemgo be resolution
dependenandsomeof the MISIs arenot completedafter 500years(Fig. 7). However,a spatialresolutionof 40 km generall

remainsto coarseand resultsare much improvedat 25 km. This is demonstratedyy the comparisonof 16 km to 25 km

resolutionfor which obtainedSLR is almostthe same(crossesn Fig. 8), evenfor the mediumscenariosNeverthelessit is
expected that atery high spatial resolution&<5 km), grounding-line retreat is influenced by bedrock irregtikes as well as

the presence of ice-shelf pinning points that are not alyaygerly resolved at coarser resolutions. The paramétizaf sub-
grid processes, such as basal sliding in mountainous andesul-shelf pinning at sub-grid level, have to some extshiced

this dependency in the moddbespitetheseimprovementshigherspatialreselutions(16-km;ferinstance)systematically

In orderto validatethis claim, two more experimentswere carriedout to makecomparisonwith an existingexperimental

result at high resolutionpossible(Cornford et al., 2016)Here, sub-shelfmelting is taken as a function of ice thickness
Cornford et al., 2016),e.,*

M = max [min (;L(H - 100),400) ,O] . (43)

Resultsareshownin Fig. 8)-9. The total contributionto SLR after 500yearsin the SGL experiment(3.9m) is comparabléo
andPIG (as in Cornford et al., 2016)vhile TWG kicks in atalatertime. Here theeffectof-bedreckhighsstaristoplay-arele
n-delayinggroundingline-retreat{Burand-et-al 20 bHowever the-everalcontributionto-sealevelonlongertime seales
sametime at the startof the modelrun. Suchdifferencesin responsereto be expectedsinceboth experimentsarerunona

In Cornford et al. (2016)the a
communication2017).

liedmelt rate differs from its definition in the text; the correctmelt rateis givenin Eq. 43 (S. Cornford, personal
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Figure 9. Top: groundedice sheetsurfaceelevation(m a.s.l.), 500 yearsafter applying melt ratesof Cornford et al. (2016)Bottom:

rounding-linepositionin time accordingto the sameexperimen{colour scaleis nonlinearandrepresentsime in years)for the Weertman

sliding law with SGL condition(left) andCoulombfriction law with TGL condition.

6 Discussion

In terms of model complexity, the f.ETISh model is compagatal the Pollard and DeConto (2012a) model. The major dif-
ference lies in a number of simplifications that makes th& 5B model two-dimensional. This is obtained by approxingat

ouplingby relatingthe mean ice-
column temperature to the velocity field via the commonlgeudrrhenius relationship (Cuffey and Paterson, 2010).tA&i0

the temperature

major difference pertains to the marine boundary, withevelthe implementation of the grounding-line flux condition ac-

cording to Tsai et al. (2015), based on a Coulomb friction (@@L)—Fhis-is-comparedto-the-traditional\Weertman-type

N the AWaYa 1

-, further extendedwvith a Coulombfriction law for theinterior ice sheetFinally, model initialization based
on Pollard and DeConto (2012b) has been further extendédawégularization term that essentially smooths the bastbh
field acrossmarinebasinsand makes the results independent of spatial resolutinog segularization is made a function of
horizontal distance instead of number of grid cells. Moe¥pthe optimization does not involve an optimization of&teelf
basal mass balance, since observed ice-shelf velocigessad to determine the amount of buttressing at the grogidie.
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The resulting initialization is characterized by a smalftdince the grounding line is allowed to relax, of the ordé0®—
0.3% of the ice sheet volume in 100 years. Other marine elenseich as hydro-fracture and cliff failure (Pollard et 2015;
DeConto and Pollard, 2016) are not taken into account.

Given themajoerdifferences in approach with continental-scale ice-shamdels, such as AISM-VUB (Huybrechts, 1990,
2002), ANICE (de Boer et al., 2013), GRISLI (Ritz et al., 2D1ISSM (Larour et al., 2012), PISM (Bueler and Brown, 2009),
PISM-PIK (Martin et al., 2011; Winkelmann et al., 2011; Galge et al., 2015), PSU-ISM (Pollard and DeConto, 2012a),
RIMBAY (Thoma et al., 2014), or SICOPOLIS (Sato and Grevel2) verification of the f.ETISh model requires a de-
tailed comparison with existing benchmarks. These arergépdased on results of the models cited above. EHVHNTF
EISMINT-I benchmark (Huybrechts et al., 1996) shows that the ice+dica characteristics of f.ETISh are in very close
agreement with théenehmarkenchmarkshownin AppendixA, desplte a different numerical solution scheme. The basal

temperature field is also in close agreenaen

areasof-eesheets, The results of thermomechanical coupling of ice sheet flodeispitethe-approximationsalso in good
agreement with thé

previousbenchmarkEISMINT-II benchmarkPayne et al., 2000glbeit thatthe range of uncertainty between the different

participating models on which the benchmark is basedlso much larger.

An important experiment for marine ice sheet models is adesteady-state grounding-line positions in absence of but
tressing (Pattyn et al., 2012). Boundary layer theory idd@edicts that unique grounding line positions exist onardeard
sloping bed, while no stable solutions are found on revelsat slopes (Schoof, 2007a), unless buttressing is significa
(Gudmundsson et al., 2012). While the experiments are degifym flowline models, they can be extended to two dimensions
to evaluate the behaviour in a qualitative way. Here, th@IiSB model successfully passes the test independent ofImode
resolution, as grounding-line migration is governed tigloa heuristic based on the above-mentioned boundary lagent
(Pollard and DeConto, 2009, 2012a) and is extended with gdtietbased on Tsai et al. (2015), that qualitatively gitles
same results.

The main advantage of using a grounding-line flux paransgitn based on a heuristic ru/8ect.2.1.6)is that the model
can be run at lower spatial resolutions, which is confirmedheyf.ETISh model experiments in Sect. 5.2. Solving thedorc
balance around the grounding line requir@seselvemembrane stresses at both sides of the groundingdiberesolvedwith
sufficient detailSeheof{2007gB5choof, 2007awhich requires the use of sub-kilometre grid sizes (Pagtyal., 2012), unless
sub-grid grounding-line parametrizations are used dgla

allow for largergrid sizes(Feldmann et al., 2014; Cornford et al., 2018he main disadvantage of the heuristic rule is that its
parametrization is derived from a steady-state solutisetdan the SSA model. It can therefore be questioned whdiber t
formulation still holds for transients. It also overrulégthybrid model at this particular locatioReverthelesscomparisen
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A major finding in this paper is the increased sensitivityhef grounding line based on a Coulomb friction law (Tsai et al.
2015), compared to a power-law sliding condition at the gabing line. Power-law sliding mechanisms near groundingdi
have been extensively discussed, since they lead to sudd®sjin basal drag at the grounding line, especially ativelst
low sliding speeds (such as in the MISMIP and MISMIP3d experits Pattyn et al., 2012, 2013). However, sliding velesiti
in the Antarctic experiments are not preconditioned by aifipesliding coefficient at the grounding line, but deteretin
from the optimization procedure. Therefore, the type ofrimary is controlled by the model physics itself. The Coulomb
friction condition at the grounding line is consistent withservations, as the ice-sheet profiles ‘taper off’ towartlattening
upper surface, contrary to the power-law case, and bagassts vanish at the grounding line (Tsai et al., 2015). Me@reo
the grounding-line ice flux according to Coulomb frictios@ldepends more strongly on floatation ice thickness, imglyi
higher sensitivity to atmospheric and ocean forcing. Farrtiore, grounding is facilitated in shallower water coneglatio the
power-law case, so that smaller perturbations may pushrtnding line more easily into regions with a retrogradeps|o
provoking a grounding-line instability (Tsai et al., 201B¥ a result of the higher sensitivity, Antarctic sea-les@htribution
to a given perturbation is also more than twice as high ams @itsea-level change three times as fast compared to a{swer

sliding case.

Direct comparisomwith-etherrecentstudyonis not possiblewith recentstudiesof Antarctic ice mass losis-lessevident,

asmesteomprehensivetudiesiellow-thatareforcedby atmosphere-oceanodelsfollowing so-called RCPs (Representative
Concentration Pathwaysptferceatmeosphere-oceanedels Direct comparison with the SeaRISE experiments (Binddlehaet al.,

2013; Nowicki et al., 2013) is also hampered due to the lowelt rates applied to the Ross and Ronne-Filchner ice shelves
This differentiation was deliberately chosen, as the diréssing experiments show that the highest buttressamgssfrom
those large ice shelves. However, their grounding lineskse farthest from the continental shelf break, hampetiegritru-
sion of warmer waters compared to the smaller ice shelvésithaloser to the edge.

However, considering the f.ETISh model with the SGL comdittomparable to the PSU-ISM model (Pollard and DeConto,
2009, 2012a), some comparison on sensitivity can be madaehEBdeaRISE experiments, the PSU-ISM model predicts a
sea-level contribution after 500 years according to & 21B scenario (without sub-shelf melting) ef0.45 m, while the
f.ETISh SGL model results ir-0.4 m for similar forcing conditions. One has to note, howetret the initialization of both

models is different (spinup versus optimization).
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However, the TGL model is less sensitive than the PSU-ISMehiodluding cliff failure and hydrofracturing (DeConto@#ollard,
2016). These processes potentially lead to a sea levelloatidn of 12-13 m after 500 years under a RCP8.5 scenargzbr
by atmosphere/ocean models. This result corresparrdsarkabiywell with the results of the f.ETISh TGL model under com-
plete de-buttressing (without ice-shelf growth), with qete collapse of the West Antarctic ice sheet and majordse in the
Wilkes and Aurora basins (Fig. 6).

Finally, computational time of f.ETISh largely depends be $patial resolution, which also governs time steps negader
the CFL condition. A hybrid-model 5000 year run with a gridesof 40 km and a time step of 0.2 year takes approximately
10,000 CPU seconds on a single AMD Opteron 2378 2.4 GHz cdreedflydra cluster (VUB-ULB) and 20,000 CPU seconds
for a 500 year run with a grid size of 16 km and time step of 0.82ry on a multicore. Future developments will focus on
improving the numerical solution schemes in order to redineealculation time (larger time steps), especially abbigpatial

resolutions.

7 Conclusions

| developed a new marine ice sheet model, based on commornipliests of ice physics (combined shallow-ice and shallow-

shelf approximation) and novel implementation of parairations of thermodynamics and grounding line migratione T

model has been extensively tested against eX|st|ng benkbraad has been shown to be scale-independent, with thptexte
of high ' ' | Hi yrgroundingzoneswith small-scalebedrockvariability,

wheregrounding-line response to atmospheric asdarforcing-oceanidorcing is sensitiveto spatialresolution This makes
the model extremely attractive to couple within Earth Systeodels.

The model has been initialized to the present-day Antaioticheet conditions in order to obtain initial steadyestaindi-
tions as close as possible to the observed ice sheet. Indieparalidation has been obtained through comparison \egkived
surface velocities that are not utilised during the optation phase.

Two forcing experiments over a period of 500 years are chwig, one during which all floating ice shelves are removed,
and one during which sudden atmospheric and oceanic foisiagplied. Both experiments show a very high sensitivity to
grounding-line conditions, as Coulomb friction in the gnding-line transition zone leads to significantly higherssiboss in
both West and East Antarctica, compared to commonly-useeiplaw sliding laws (such as Weertman-type). For the loelfs
removal experiment this leads #655 m andi2-2m-sea-levekise-16 m SLR for the power-law basal sliding and Coulomb
friction conditions at the grounding line, respectivelyi§ high-end response is of the same order of magnitude amebt
by DeConto and Pollard (2016) using ice-stafbuttressingauseeby-hydrofracturedebuttressingausedy hydro-fracture
and cliff failure.

The atmospheric/oceanic forcing experiments clearly stitmvdominance of ocean forcing in sea-level response, where
significant MISIs (Marine Ice Sheet Instabilities) occurden relatlvely mild sub-shelf melt scenarios over centahtine

scales (500 years¥

{5000years):
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Appendix A: EISMINTHEISMINT-I__benchmark
Al Fixed-margin experiment

The EISMINTHEISMINT-I benchmark is the first series of ice-sheet model intercoisgas aiming at benchmarking large-
scale ice sheet models under idealized and controlled tonsli{Huybrechts et al., 1996). The first (fixed margin) expent
considers a square grid of 15001500 km with a flat bed at zero elevation. Grid spacing is teken = 50 km leading

to 31 x 31 regularly-spaced grid points. Starting from zero icekhess, the model is forced with a constant surface mass

balance of 0.3 ma! and surface temperature accordinglto= 239 K +(8 x 10~8)d? whereds,mmi: 1S defined as

summit?
max (|2 — Tsummit |, |¥ — Ysummit|), €Xpressed in km. Further boundary conditions for the macdekero ice thickness at the
edges of the domain and a constant geothermal heat flax-9f).042 W m~2. The ice temperature is not coupled to the ice

flow field and a constant value for the flow parameter@f Pa " a~! is consideredFhemedeliedice sheereachesmsteady

ain-le han 000ve a¥e! mae epo v7a duetothe hatthetempe dield— en ead\ e

The f.ETISh model is a 3d Type | model according to the classifin scheme IEISMINTHEISMINT-L, i.e., diffusion
coefficients for the grounded ice sheet are calculated oaggsted Arakawa-B grid. Table Al lists the comparison witad
from other 3d Type | models. Both ice thickness and flux compary well within error bounds of the sample range (limited
to only 2—-3 models in th&lSMINTHEISMINT-I benchmark, unfortunately). Also the basal temperaturéetivideand
alongthe profile is within the limits given by theelSMINT--benchn arkFheprofile-of-the basaltemperaturen-ag

in-oppesingway<EISMINT-1 benchmarkDifferencescanbe attributedto the useof the shapefunctionsfor the velocity field
aswell asto the useof a staggeredyrid for thetemperaturdield, wherebythe temperaturet the divide andalongthe profile
areinterpolatedvaluesalongthe centralline.
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’ Exp ‘ Variable ‘ Benchmark f.ETISh

FM | hsummit | 3419.96:1.70 | 3421.863421.82
Qmidpoint 789.95+-1.83 7906-33790.43
Tummit -8.84+1.04 -8:38-7.54
MM | hsummit 2997.5k7.4 2086-302986.41
Gmidpoint 999.24+17.91 994-38994.49

U — -13.43t0.75 -12:68-11.81
Table Al. Comparison of f.ETISh with thetSMINFHEISMINT-I fixed (FM) and moving margin (MM) experiment benchmark based on

an ensemble of 2—-3 models (Huybrechts et al., 1996) for the st¢atdyexperiment.

Homologous basal temperature (°C)

14 i i i i i i
0 100 200 300 400 500 600 700
Distance from center (km)

Figure Al. Homologous basal temperatures along the central line according tetHétNT+EISMINT-1 experiment calculated with
f.ETISh (circles) and according to tHESMINTHEISMINT-1 benchmark (crosses) for the fixed margin (blue) and moving marg) (
experiment.

A2 Moving margin experiment

The moving-margin experiment includes ice ablation, hetheepresence of an equilibrium line on the ice sheet. This is
obtained by defining the climatic conditions by= min{0.5, hs(Rel — dsummit) } andTs =270 — 0.01h, wheredsymmit 1S
here defined as the radial distance from the centre (in kna),saand R, are 102 m a-! km~! and 450 km, respectively
5 (Huybrechts et al., 1996). The steady-state ice sheetdiogoto this experiment does not reach the edge of the dornairis
circular in shape. Note that, contrary to the fixed margireexpent, surface temperature is a function of surface gt@vand
not of the geometrical characteristics of the domain. Serfaass balance, however, remains a function of the distartbe
centre of the domain.
Basic characteristics of the experiment are listed in TAllleand simulated values of ice thickness,{.mi;) and basal tem-
10 perature at the divideI?, . ...), as well as ice flux between divide and margin are in goodeageait with the benchmark. Also
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Exp Variable Benchmark f.ETISh

FM 20ka | hsummic (200 ka) | 3264.8:5.6 | 3268:863266.02
Ahgummit 563.0£3.7 565:94566.20
AT it 2.11+0.09 1.62.67
FM 40ka | Asummic (200 ka) | 3341.7:3.9 | 3345.983344.51
Ahsummit 619.0£3.2 621.60621.53
AT it 4.12+0.06 279279
MM 20Ka | Asummit (200 ka) | 2813.5:2.0 | 2806:822805.19
ARgummit 528.6£11.3 | 533.88533.66
AT mit 2.54+0.00 4:.990.95
MM 40Ka | Asummic (200 ka) | 2872.5:6.8 | 2872.912871.85
Ahgummit 591.4+4.6 595.27595.38
AT it 7.61+0.05 8:046.51

Table A2. Comparison of f.ETISh with thetlSMINTHEISMINT-I fixed (FM) and moving margin (MM) experiment benchmark based on
an ensemble of 2—3 models (Huybrechts et al., 1996) for the forgimgrenents with a sinusoidal signal of 20 and 40 ka, respectively. Bold
values are those outside the range given by the benchmark results.

the basal temperature profile agrees well with the benchpdarkhesamevalueof-f-usedinthefixedmarginexperimerand
differencescanbeattributedto thefactorslistedin AppendixAl.

A3 Transient experiment

Temporal changes in ice thickness/volume and basal teitoperare analysed with a forcing experiment, where the serfa
temperature and mass balance perturbations are definelibassf(Huybrechts et al., 1996):

AT = 10sin (2“) , (A1)
T
) . [ 2mt . .
Aa = 0.2sin (T> for fixed margin (A2)
. 2t . .
AR, = 100sin <T> for moving margin (A3)

The model run starts from the steady-state ice sheet obtairtke previous section and the forcing is applied for aqukaf
200 ka, with a periodicity of”’ = 20 and 40 ka, respectively. Results are depicted in Fig. Athfofixed margin and in Fig. A3
for the moving margin experiment. Table A2 lists the mainrekteristics of ice thickness and basal temperature andglit
variations, as well as ice thickness at the divide at the étlgeoexperiment (200 ka).

All ice thickness change@mplitudeandphaseaswell asthe phasen temperatureccording to the two forcing scenarios

are in close agreement with the benchmark. However, andglitie-phasedifferences for the basal temperatures deviate
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Figure A2. Ice thickness and basal temperature variations foEt&INT- fixed margin experiment with a 20 ka (black) and a 40 ka (blue)
forcing.

butthe EISMINT | datasampleis ratherlimited for comparisonThe phaseof thebasaltemperatureesponseés in agreement
with thebenchmarkAll other parameters are within the bounds of the benchnitaklé A2).

Appendix B: EISMINFH-EISMINT-II benchmark

The EISMINTH-EISMINT-II benchmark (Payne et al., 2000) is based on the moving maxperienent of Huybrechts et al.
(1996), but includes thermomechanical coupling of the ime tb the temperature field. Contrary to tRESMINTH-EISMINT-I
benchmark, inter-model differences are considerablyelaggspecially with respect to the area of the ice sheetdlaaties pres-
sure melting point at the base. The standard experimentstsrs a flat bed of the same size as FHEMINTHEISMINT-I
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Figure A3. Ice thickness and basal temperature variations foEllgVINT-1 moving margin experiment with a 20 ka (black) and a 40 ka
(blue) forcing.

benchmark, but with a spatial resolution of 25 km, leadin@lte 61 grid points. The basic experimdatin-Paynre-etal{(2000))
A in Payne et al., 200Quns the ice sheet in equilibrium starting from zero icekhi&ss on the domain and with = 0. The
climatic conditions are defined as:

a = min {amaxy S (Rel - dsummit)} (Bl)
Ts = Tmin + STdsummit ) (BZ)

wheredg,mmis 1S defined as in the moving margin experiment as the radigdmie from the centre (in km},and R, are
taken as in the moving margin experiment{¥0n a—' km~! and 450 km, respectively), arig,..., Timin ands are defined as
0.5ma, 238.15K, and 1.6% 10~2 K km~!, respectively. Contrary to the moving margin experimelatic conditions
are independent of ice sheet surface elevation, hence tb& Ibadance elevation feedback is excluded.

FourSix further experiments were carried out, i.e., experiment B)@dF, F, G andH (in Payne et al., 2000). They consist
of a stepwise change in surface temperatiffg,, = 243.15K (B), a stepwise change in surface mass balangg = 0.25,
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R =425 km (C) and a stepwise shift in equilibrium-line altitudg; = 425 km. Experiments B, C and D start from the
steady-state solution of A. Experiment F is similar to A, btdrting with a value off},;, = 223.15K (model run starting
without ice).ExperimentG incorporatedasalslip accordingto alinearsliding law (m = 1 and 4, with

asimilar setupasA. Finally, experimentH is similarto G, butwheresliding is limited to areaghatareat pressuranelting at
thebase.

=103ma ! Pa!

Results for experimentt—B-A—H are summarized in Table A3. The majority of parameters atkinvthe bounds of the
benchmark, but major differences are related to the basgdéeature at the divide. All experiments exhibit a radiatgya in
basal temperatures that are at pressure melting pointdauter part of the ice sheet, with a cold spike in the centdreice
sheet. In all experiments, our temperature spilghiggtly less cold than the one given by the benchmark. However, ety
significantdifference, the size of the basal area at pressure meltimgisan accord with the benchmarkheAgain, themain
reason for thidargedifference is that temperatures in f.ETISh are calculated staggered Arakawa-B grid and not exactly

at the ice dividethere

Neverthelessice-. Despitethesedifferencesin temperatureice volume and area coverage agenerallyin-aceordotally in

agreementvith the benchmarkmean
The emblematiexperimentexperiment$ andH in Payne et al. (2000) displayed an irregular pattern in Hsabtempera-

tures of the benchmark for all participating models, legdncold spikes reaching to the edge of the ice sheet. Therpatias
shown to be model-dependent and further investigationgdrés origin to an interaction between vertical advec{moling
down the base) and strain heating (Hulton and Mineter, 2009 pattern was found to be highly dependent on spatial grid
resolution due to the lack of membrasteesestressei the shallow-ice approximation (Hindmarsh, 2006, 20@)ceAlso
f.ETISh doesnotaccountfor-verticaladvectionexplicithythe pa ing

despitethe approximationsn the thermomechanicaloupling(usinga vertically-integratedemperatureandthe useof shape
functions(FigureA4).

Appendix C: Modified MISMIP experiments

The capacity of an ice sheet model to cope with the marinedemynand more specifically migration of the grounding liise,
essential in Antarctic ice-sheet modelling. Since grongdine dynamics were elucidated mathematically basecdoomdary
layer theory (Schoof, 2007a, b, 2011), two intercompariepercises were established. The first one tested groutidieg-
migration and stability on downward sloping beds and instglon retrograde slopes for flow-line models (Pattyn et al
2012), and the second tested the effect of buttressing for &nd three-dimensional ice-sheet models (Pattyn et@L3)2
Given that marine ice sheet instability is a crucial feedtlq@ocess in marine ice sheet behaviour, we performed theliih@v
experiments for a plan-view model setup. Experiments waneed out for both grounding-line flux conditions SGL andlTG
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’ Exp ‘ Variable Benchmark f.ETISh
A Volume (10° km?) 2.128+0.145 2:0672.133
Area (10° km?) 1.034+0.086 1.0411.092

Melt fraction 0.718+0.290 0-8260.703
Heummit (M) 3688.342-96.740 | 3354-5153605.157

T e (K) -17.545£2.929 -6:50611.033

B | AVolume (%) -2.589+1.002 -2:037-3.628
AMelt fraction (%) 11.836£18.669 12:50017.589

A Hgummit (%) -4.927+1.316 -3-166-5.259

AT i (K 4.623+0.518 2:3234.115

C AVolume (%) -28.505t1.204 -28.061-27.739
AArea (%) -19.515t3.554 -26-186-21.002
AMelt fraction (%) -27.806£31.371 -16:644-45.160

A Hgummis (%) -12.928+1.501 -11-896-12.764

AT omie (K) 3.707:0.615 -0:1173.045

D AVolume (%) -12.085t1.236 -12:565-12.377
AArea (%) -9.489+-3.260 -16-696-10.139
AMelt fraction (%) -1.613+£5.745 7.666-4.848

A Hgummic (%) -2.1814-0.532 -2:445-2,168

ATE i (K) -0.188+0.060 -0:128-0.341

G | Volume(10°km*) | 1589+0.702 1529
Area(10° km?) 1,032+0.071. 1088
Melt fraction 0.352:£0.530. 0.319
Hawmanis (0 2365.206+1468.880 2220538

H_ | Volume(10°km®) |  1.900+0.461 1.807.
Area(10° km?) 1,032+0,067 1.807
Melt fraction 0.529+0.429. 0496
Hiymnis (0 3507.984+394.380 3225787

Table A3. Comparison of f.ETISh with thetSMINTH-EISMINT-II experiments (Payne et al., 2000).

45




10

15

1500

1000t

500}

o

0 500 1000 1500

Figure A4. Predictedbasaltemperaturegcorrectedor pressure-dependenacordingto EISMINT-II experiment.

Ice shelves are included, but without exerting any butingsstrength, i.er,, = 7;. The first experiment is an ice sheet on a
seaward-sloping bedrock, which in plan view results in dcbed, defined by (Pattyn et al., 2012):

778.5
B =720~ ﬁdsummit ) (Cl)

whered,,mmic (KM) is the radial distance from the centre of the domain. §¢wnd experiment consists of an overdeepened
section in the bedrock profile, hence the presence of a reileglope, defined by (Pattyn et al., 2012):

2184.8 1031.72
B = T29— " —d% it + oo Ao
7502 summit + 7504 summit
151.72 ¢

- 7506 summit *

(C2)

The initial ice sheet is obtained for a constant value of the frarameterd of 10-'¢ Pa™ a~! and a constant surface
mass balance @f = 0.3 m a !. A grid-size spacing oA = 50 km is employed. All other parameters are listed in Tab# 1
Subsequently, the flow-rate parameteis altered to a new value to obtain a new steady state, wherz/floigher values oft
leads to grounding-line advance/retreat, respectivatgofding to theory, a given set of boundary conditions leadmique
steady state grounding-line positions on a downward stppedrock, while the grounding line never reaches a stetadg-s
position on an upward-sloping bedrock, which is depicteHigm A5. For the overdeepened bed, this leads to hysteiesis,
multi-valued grounding-line positions and ice sheet pesfilor the same set of boundary conditions (Figs. A5 and Alg. T
numerical error was estimated by determining the positibeach grounding-line grid cell compared to its radial dis&
from the centre of the ice sheet (both experiments resultadial ice caps). The mean position of the grounding linetaed
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standard deviation corresponding to each steady-stashaven in Fig. A6. Interpolation of the exact position witlaigrid cell
was not considered. All errors are smaller than the nomindlgize of 50 km. The lowest numerical error correspond#i¢o t
grounding-line treatment according to the power-law slidiaw without the presence of ice shelves~ 20 km). Including
ice shelves makes the ice sheet more rapidly advance abessstable section, since ice shelf thickness increaséswer
values ofA. Associated errors are also larger. Finally, the flux cooifor Coulomb friction (Tsai et al., 2015) results in a
generally smaller ice sheet, as the ice flux across the ginogide is higher than in the previous case. The ice shedsis a
more sensitive to changesh i.e., small changes make the grounding line advance arghtehore rapidly. Associated errors
are smaller for the no-shelf experiment, but significaralger for theretreatice-shelfexperiment. Given the larger sensitivity,
the numerical solution is also less stable compared to theeptaw flux condition SGL of Schoof (2007and the use of

maodel).In somecasesthe error is exactly zero, meaningthat the steadystateice sheetsthe one obtainedduring advance
comparedo the oneobtainedafterretreatiareexactlythe same.

Appendix D: lee-shelfvelocity-diagnesties
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