General comments

In the present work, the authors study how the grounding line retreat of Thwaites Glacier, as
predicted until 2350, is influenced by the spatial resolution of the ice sheet model, the GRD
model, and by the temporal resolution used to couple them. In particular, they vary these
resolutions independently from each other and observe significant differences of the
forecasted GMSL contribution, which mostly depends on the ice sheet resolution for short
prediction horizons (2100), and on a combination of the resolution parameters for longer
horizons (2350). The observed differences are explained by the fact that high resolution runs
capture bathymetric features more accurately, which can be enhanced by GRD effects. The
latter is well exemplified by showing how the grounding line retreat varies if the isostatic
adjustment is neglected, purely elastic or viscoelastic.

| believe that the manuscripts submitted by the authors is a valuable contribution to the
literature, since it provides a more “orthogonal” analysis of the three main resolution
parameters than what was made to date. | appreciate that many permutations of the model
setup were made to highlight the main sources of difference in future GMSL contributions
and | largely agree with the mechanistic explanations given in the paper, which are well
supported by the figures. Overall, | enjoyed reading the article, which is well written,
instructive and correctly embedded in the present research context.

Before a possible publication, | therefore only envision minor revisions, which are listed
below. | wish all the best to the authors for the rest of the publication process and look
forward to reading the final version of the manuscript.

Best regards,

Jan Swierczek-Jereczek

Specific comments

1. The title is somewhat vague: you don’t mention the exploration of various resolutions,
which is the central contribution of the work. | believe something like “Spatiotemporal
model resolution significantly affects the interaction between the solid Earth and
Thwaites Glacier” is more coherent with your storyline. | understand that you want to
mention ridges because they are the explanation you find for this sensitivity... but
“Insights from Reinforced Ridges” does not convey this adequately in my opinion.

2. Your motivation could benefit from a clearer thread, which | try to convey in the
forthcoming sentences: ISMIP6 models forecast that grounding line retreat in the
Amundsen Sea Embayment (ASE) will lead to the greatest GMSL contribution over
the coming centuries. In this region, the upper-mantle viscosity is particularly low and
implies that the GRD response, which provides stabilising effects on grounding line
retreat, is particularly fast. The stabilising effects of GRD can be enhanced by the
presence of ridges and confinements, which have been identified in ASE but can only
be represented by using high model resolutions. This is your central motivation to
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study the resolution dependence, and deserves to be highlighted in a clearer way.
This is particularly the case for the abstract, which | invite you to change accordingly.

L. 11: “extends buttressing” — “delays grounding line retreat”.

L. 18: “In the fastest melting region of the ice sheet, Thwaites Glacier has displayed
signs of early collapse (Joughin et al., 2014).” — “In Thwaites Glacier, the fastest
flowing region of the ice sheet (Rignot et al., 2014), early signs of a collapse have
been identified (Joughin et al. 2014, van den Akker et al. 2025), although this is
contrasted by other studies (e.g. Hill et al. 2023)”. | include all additional references
at the end of this document.

L. 24: | believe this is the good moment in the paper to mention that, in the context of
Antarctica, the order of importance of GRD feedbacks is: first deformation, second
gravity and last rotation, the latter being almost negligible due to the high latitude. |
think this would help the (non-expert) reader. Alternatively, you can mention this in
the discussion.

L. 30: It feels much more accurate to say that the mantle rheology controls the time
scale of GRD effects (particularly the deformational aspect, which might be nice to
emphasise), not the “strength” of it. | suggest correcting this in other places too (see
below).

L. 49: “Ice sheet models have several major components, including mesh structure,
basal melt and surface mass balance (SMB) parameterizations, which may affect the
sensitivities of coupled simulations to (i), (ii), and (iii). To account for such effects, we
report our results for 2 widely different coupled model setups labeled SLIM and
PLUS. These have the same GRD model but different ice sheet models
representative of the spectrum of complexity of modern ice sheet models.” — “Ice
sheet models are subject to a wide number of modelling choices, which can greatly
affect the sensitivity of the coupled simulations. To check the robustness of our
assessment of the sensitivity to resolution, we report our results for 2 widely different
coupled model setups, labeled SLIM and PLUS, which differ in the imposed surface
mass balance, the basal melt law and the mesh type.”

| believe this captures a bit better your motivation: you introduce SLIM and PLUS
because you want to show that the importance of the resolution does not depend on
other key modelling choices (SMB, BMB and mesh type). It is in fact what you
observe, since SLIM and PLUS look qualitatively the same in Figure 5. | feel like the
latter is a very strong message of your paper and think it could be stated more
emphatically.

L. 55: How is warming applied to the ocean and to the atmosphere in SLIM? Are they
just uniform anomalies? Please specify how you derive that from SSP5-8.5!

L. 64-65: This feels like a particularly low value of the model time step... Did you
observe significant changes when using higher values? This might be important to
discuss since the article is all about spatiotemporal resolutions.

L. 66-67: Are you optimising for each of the model setups individually? This question
applies to all the permutations of the paper (SLIM / PLUS, uncoupled / elastic /
viscoelastic, varying resolutions). This is important to mention somewhere in the
manuscript. Also, could you include a figure in the appendix showing the error with
respect to present day after the optimisation? That would be very helpful.
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L. 68-69: What do you gain from imposing this GRACE extrapolation? Does it change
a lot from just imposing present-day thickness? From the reader's perspective, it is
unclear how this can contribute to a more accurate experimental setup. In my opinion
this is quite superficial since, if Thwaites is really the first to collapse, it is unlikely to
be affected by what will happen in neighbouring Glaciers.

L. 78: “The Extended Burgers Material (EBM) (lvins et al., 2022) rheology is...” —
“As described in the methods, the Extended Burgers Material (EBM, lvins et al.,
2022) rheology is...”.

L. 105: “by the transient EBM rheology described in the Methods section, we
compare...” — “by the transient EBM rheology, we compare...”

You actually don’t describe the EBM rheology in the methods and should briefly do
S0, since it is important to understand the parameters of Table 1.

L. 102: The subsection title is quite misleading since it suggests that there is a single
baseline setup, although you have two of them. Please change this.

Figure 1: “+ PICOP” — “+ PICOP & CESM ocean”. Using the CESM ocean fields
here might actually be the modification that has the largest impact! For instance,
does CESM represent the warm-water intrusion observed over the last decades in
ASE? | suspect not since this is quite difficult, but that of course leads to a massive
reduction of the grounding line retreat! This could drastically change the statement
made at |. 268-273, which | think is largely unfounded: from what | understand, the
linear melt law depends on the depth of the ice shelf base, which is largely
unaffected by GRD. | believe the driver here is rather the CESM ocean forcing and,
unless you prove the contrary, | would remove Appendix 7 and show a difference
map of the ocean forcing instead.

Figure 2: | am quite surprised that the comparatively small elastic bedrock uplift (max
8 m) has such a strong influence on SLIM (and SLIM + CESM2 SMB), as shown in
Figure 1. The change in grounding line position between uncoupled and elastic run is
massive, whereas it is barely noticeable as soon as you use PICOP. This might be
related to the previous point.... Alternatively, it might be due to how you apply melt at
the grounding line, which you really should mention somewhere here.

L. 117: “As expected” — | wouldn’t expect the SMB of CESM2 SSP5-8.5 to provoke a
grounding line retreat, since it probably presents a substantial increase in
precipitation, while maintaining surface temperatures that are largely below 0°C. |
guess your answer to Point 8 might clarify this difference. If not, please provide an
explanation.

Figure 4 and the corresponding text explanations are particularly nice!

L. 160 and following: | understand that defining an error threshold is particularly
convenient for the analysis since it allows a simple statement like “resolution
sufficient” or “resolution insufficient” (and it also allows a comparison to Wan et al.,
2022). However, | believe that such a statement depends on the application case and
I would therefore recommend phrasing the rest of the results in a less binary way
(which does not prevent a comparison to Wan et al., 2022). For instance, an error of
6% is totally acceptable in almost all cases, especially given that there are many
additional sources of error (the laterally variability of Earth properties for instance). In
particular, this would prevent sentences like “Overall, we find that the GRD model’s
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response can be resolved at 111 km (n = 180) and still verify our 5% condition
through 2350.” (I. 184), which, as you know, is completely wrong for laterally varying
viscosities. Please discuss this sentence if you want to keep it! Along this line, it
should be highlighted that n=180 (at I. 280) is a lower bound on the Love number
degree, since you have a 1D Earth.

L. 165 and following: you only mention differences in GMSL and ungrounded area,
without specifying the sign of it (some exceptions as e.g. I. 174). This is of course
conditioned by the fact that you don’t include this information in Fig. 5 either.
Including the sign in both the description and the figure would make everything much
easier to read!

L. 167 and following: you begin describing the results with a lot of detail. | feel like an
overall picture prior to that would be welcome. Something like: “For SLIM as well as
for PLUS, coarsening the resolutions invariantly produces a qualitatively similar
reduction of accuracy. This effect is dominated by the ice sheet model resolution for
short prediction horizons (2100), whereas the GRD resolution and the coupling time
step become similarly important for longer horizons (2350). In particular...”

L. 192-199: You might want to cite Williams et al. (2025), which is the latest work
related to this.

Figure 5: It is clear why the error would increase over time but... can you explain why
it decreases over time in the case of the ice sheet model? | guess the absolute error
increases but, because the GMSL contribution increases faster, and this leads to a
decrease of the relative error. Can you confirm? If yes, please mention this in the
text.

Figure 5: even the highest resolution used here has not converged since it displays
significant differences in GMSL contribution with e.g. +1km for the ice sheet model
resolution. This is unsurprising and completely ok but needs to be stated!

In almost all maps of Thwaites that you show, you have a white cut-out in the bottom
left corner. This could easily be fixed and would make everything a bit prettier.

The mask shown in Fig. A3 looks very arbitrary. | don’t understand this choice, which
does not look like it is motivated by a drainage basin. Please explain this.

Technical corrections

1.

You use “Amundsen Sea sector” a lot. | would suggest using Amundsen Sea
Embayment (ASE), which is becoming a standard acronym.

L. 2: “century timescale” — “centennial timescale”. Also at line 15.

L. 22-23: “and more recently centennial (...) timescales” — “and more recently
centennial timescales (...).” Also, you should add Gomez et al. (2024) here, which, to
my knowledge, is the latest article that supports this point (especially since you
already have it in your refs).

L. 23-24: “In the vicinity of the grounding line —the region in which grounded ice
becomes afloat, these interactions mainly comprise stabilizing negative feedbacks
from sea-level fall and bedrock uplift” — “In the vicinity of the grounding line, the
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region where grounded ice becomes afloat, these interactions mainly comprise
negative feedbacks on grounding line retreat. They consist in a gravitationally-driven
reduction of the regional sea-surface height and a bedrock uplift due to the reduction
of the surface load applied on the solid Earth.”

L. 25: “The negative feedbacks may be regionally enhanced by low mantle viscosity”
— “In ASE, the deformational feedback is faster than the global average, due to
upper-mantle viscosities that are particularly low.” Here, | believe you should cite
Ivins et al. (2023) (which you already have in your refs) rather than Coulon et al.
(2021) since the former infers upper-mantle viscosities whereas the latter is a
simulation study based on relaxation times.

L. 28: “Glacial Isostatic Adjustment —GIA” — “Glacial Isostatic Adjustment — GIA”

L. 31: “the strength of GRD effect” — “the timescale of deformational effects”. (Of
course this has repercussions on gravity and rotation, which, however, are of second
order). Also, this is a much better place to cite Coulon et al. (2021)!

L. 59: “sub ice shelf water” — “sub-shelf meltwater”
L. 68: “the model’s mesh cover...” — “the model mesh covers...”
L. 78: “(Adhikari et al 2016)” — “(Adhikari et al., 2016)”

Table 1 and throughout the document: the multiplication between units is represented
by “.” (low dot) when it should be a “-” (middle dot).

Table 1: as you mention in the discussion, the viscosity of the asthenosphere and the
upper mantle are rather in the lower range of literature values. | think this should be
mentioned earlier because it conditions the interpretation of all the results you
present: the differences between elastic and viscoelastic basically represent an
upper bound!

Table 1: | would make two distinct columns for \tau_H and \tau_L.

L. 97: “appendix” — “Appendix”. Also at lines 115, 219.

L]

L. 102 and following: | understand you write “Viscoelastic”, “Uncoupled” and “Elastic”
with a capital letter because you consider them to be substantives. | would be in
favor of just writing them as simple adjectives (viscoelastic, elastic and uncoupled
runs). This feels lighter and equally well understandable.

Figure 1: | think a different colorbar would greatly improve the visualisation of the
bedrock elevation (by the way, why do you prefer to use “ice sheet base elevation” in
your colorbar label?). For instance, something like what is used in Garbe et al. (2020)
could be nice (with adjusted range):

-— —

-6,000 -4,000 -2, 000 2,000
Bed topography (metres above sea level)

All figures: the effort of using a large font for legibility is well appreciated but you
might have overdone it a bit. The difference to the font size of the preprint is quite
large sometimes (assuming the figures will have a roughly similar size in the final
version).



18. L. 110: “depth dependent” — “depth-dependent”. | think the dash is helpful here since

you are concatenating many substantives.

19.L. 113: “SP5-8.5" — “SSP5-8.5"
20. L. 121: there is a weird indentation here. Also at lines 124, 164.
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Figure 3 is very convincing but would benefit from having separate panels for GMSL
contribution, ungrounded area and GRD feedback (right now the y-axes are very
confusing). | would suggest something like:

GMSL
contribution

GRD feedback

Ungrounded ice
area

GRD feedback

Figure 4 is also great albeit improvable. It would benefit from having a larger orange
circle in panel (a), which corresponds better to the ridge. Since the ridges are spatial
regions, red and orange vertical shadings in panels (b) and (c) are much more
appropriate than the circles used in the current version. | would welcome a similar
plotting style for panels (b) and (c) (right now they present different frame widths and
line styles for the grid). “GL delay induced by GRD effects” — “Delay of GL retreat
due to GRD effects”. Please make the colorbar of panel (e) discrete instead of
continuous in order to match the map. Finally, panel (d) could be deleted altogether
since it does not provide useful information apart from the rectangle delimitation and
the arrow, which could also be easily placed in panel (e). If you decide to keep panel
(d), please remove the white mask beyond the GL retreat, which actually only applies
to panel (e).

L. 148-149: remove “The red line (Figs. 4d, e) represents the 25 year delay
isocontour which coincides with the location of the second ridge (Fig. 4d).” You
already mentioned that in the figure caption.

L. 162: “degrading” — “varying”

L. 180: “Love number degree 'n’ which is the...” — “Love number degree, n, which is
the...”.

L. 226: “that in this study, the” —"that, in this study, the”

L. 236: “Nevertheless, this study provides a reproducible framework for analyzing the
individual influences of various modeling choices.” | think you should rephrase this
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since testing parameters independently from each other is nothing conceptually new.
In my opinion, you are not providing a framework but just complying with good
scientific practice to isolate the individual parameter sensitivities.

L. 245; “based on the ISSM” — “based on ISSM”. More coherent with how you treat
acronyms like SLIM, PLUS, PICOP....

L. 251: “An aggressive yet realistic solid Earth parametrization is deliberately” — “A
fast yet realistic parametrization of the viscoelastic uplift is deliberately”

L. 252: quotation marks look weird, please correct.

L. 264: (Swierczek-Jereczek et al., 2023) — (Swierczek-Jereczek et al., 2024). You
are citing the preprint although there is a published version.

L. 265: “on computationally intensive complex ice sheet dynamics” — “on
computationally expensive ice sheet dynamics”

L. 313: "Volume Above Floatation (HAF)" — "Height Above Floatation (HAF)". | am
not sure this section really brings useful information compared to simply referring to
Adikhari et al. (2020).

In the references, some acronyms are written oddly: e.g. “sE”, “gMD”, 1C”...

Additional references

1.

van den Akker, T., Lipscomb, W. H., Leguy, G. R., Bernales, J., Berends, C. J., van
de Berg, W. J., and van de Wal, R. S. W.: Present-day mass loss rates are a
precursor for West Antarctic Ice Sheet collapse, The Cryosphere, 19, 283-301,
https://doi.org/10.5194/tc-19-283-2025, 2025.

Hill, E. A., Urruty, B., Reese, R., Garbe, J., Gagliardini, O., Durand, G., Gillet-Chaulet,
F., Gudmundsson, G. H., Winkelmann, R., Chekki, M., Chandler, D., and
Langebroek, P. M.: The stability of present-day Antarctic grounding lines — Part 1: No
indication of marine ice sheet instability in the current geometry, The Cryosphere, 17,
3739-3759, https://doi.org/10.5194/tc-17-3739-2023, 2023.

Williams, C.R., Thodoroff, P., Arthern, R.J. et al. Calculations of extreme sea level
rise scenarios are strongly dependent on ice sheet model resolution. Commun Earth
Environ 6, 60 (2025). https://doi.org/10.1038/s43247-025-02010-z

Swierczek-Jereczek, J., Montoya, M., Latychev, K., Robinson, A., Alvarez-Solas, J.,
and Mitrovica, J.: Fastlsostasy v1.0 — a regional, accelerated 2D glacial isostatic
adjustment (GIA) model accounting for the lateral variability of the solid Earth,
Geosci. Model Dev., 17, 5263-5290, https://doi.org/10.5194/gmd-17-5263-2024,
2024.


https://doi.org/10.1038/s43247-025-02010-z

