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Responses to comments from Reviewer Ravindra Duddu
Damage intensity increases ice mass loss from Thwaites Glacier, Antarctica

We thank the editor and the two reviewers for their constructive feedback, which has
helped us improve the manuscript. In response to the comments, we have thoroughly
revised the manuscript. The key updates are the following:
e We have improved the writing, formulation and structure of the manuscript to
enhance clarity.
e Appendix A has been removed and merged into section 2.1, where the model
formulation has been extensively revised.
e To provide greater clarity on our methodology, we have introduced separate
sections for the simulation protocol (Section 2.2) and the initialization (Section
2.3).
e Appendix B has been removed and integrated into the results section, which has
been thoroughly revised to improve readability.
e A comparison of the modeled damage pattern and observations has been added
(see Figure 5 in the revised manuscript).
Further details on these revisions are provided in our responses below. In the following,
we use “bold text” for the reviewer’s comments, “regular” text for our responses, and
“italic” for text extracted from the manuscript.

Comments to the Author

This article presents sensitivity studies using the Kori-ULB ice sheet model to
explore the response of Thwaites Glacier (TG) with and without incorporating ice
damage. Their main finding is that increasing damage intensity “results in larger
retreat of the grounding line, higher ice velocity, thinner ice shelves, more ice mass
loss, and a bigger contribution to global sea level rise.” This is generally the
consensus among researchers and is not in any way controversial nor
groundbreaking; nevertheless, it is of important and interest to The Cryosphere
community. The novelty of the article (in my opinion) lies in the set-up of the
simulations for TG’s with the calibration of the model using present day data for
1990, historical simulations over 1990-2020, and projections from 2020-2300.
However, the description and explanation of the simulation set up and result can
be improved.

The authors use the damage model proposed by Sun et al. (2012) that is based on
the zero-stress theory. The contribution of this article is that it considers
parametric studies by varying two damage parameters C_1 and C_tr, however, 1
had difficulty in following the model formulation and some of their equations seem
to use inconsistent notation. The writing of this article is also not up to the
standards of this journal and needs much improvement. The article must undergo



major revisions and re-review before it can be considered for publication.
Response:

Thank you for your comments. The manuscript has been extensively revised by
strengthening the description and explanation of the simulation set up and the
results according the comments. For details, please see the following responses as
well as the revised manuscript.

As suggested, we have revised the description of the model formulation in section
“2.1 Ice sheet and damage model”. To avoid redundancy, Appendix A has been
removed. Further details are provided below in our point-by-point responses.

To address your feedback regarding the writing quality, we have thoroughly revised
the manuscript to enhance its clarity, coherence, and overall readability.

Detailed Comments:

1) In the abstract and elsewhere in the article, the authors use the term “strength
of ice damage” I suggest replacing this term by “intensity of ice damage” so as
not to confuse the reader with the strength of ice. Typically, a strength
parameter is often used in ice damage models as a material property, so the
terminology must be corrected.

Response:

Thank you for your comment. We have replaced the term “strength of ice damage”
by “intensity of ice damage” throughout the manuscript.

2) The writing in the paper can be improved and may need professional writing
help, as I found typos and grammatical errors. For example, in the abstract
“ice sheet model enabled with the ice damage mechanics...” change as “ice
sheet model including damage mechanics”.

Response:
We have revised the sentence from the abstract as you suggested.

(Line 12-14 in the revised manuscript without tracks): ... OQur results indicate that,
when accounting for ice damage mechanics, the ice-sheet model captures the
observed ice geometry and mass balance of Thwaites Glacier during the historical
period (1990-2020)...."

In addition, we have thoroughly revised the writing for greater clarity, coherence,
and readability.



3) The first sentence of the introduction begins with “Damage of glaciers ...” For
the sake of clarity and information, please define what you mean by damage
in the context of ice sheet, especially at the scale you are defining damage. As
we know, damage can be described at multiple scales all the way from microns
(grain boundaries crack in the microstructure) to kilometers (rifts in ice
shelves).

Response:

Thank you for your comment. We consider large-scale damage of glaciers,
resulting from the formation and development of both crevasses and rifts at the
scale of meters to kilometers (hence no crack in the microstructure). We have
revised the related sentence to make it clearer.

(Line 20-21): “...The weakening of ice due to the formation of large-scale
crevasses and rifts, known as damage, is gaining attention due to its impact on
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glacier and ice sheet evolution in a warming climate. ...

Also, the introduction is a bit sparse with references on damage models
incorporated into either shallow shelf models or full Stokes models. As a
suggestion, I would like to bring to the authors ice shelf scale studies
incorporating damage into SSA (Huth et al., 2021b, 2023; Ranganathan et al.,
2024).

Response:

Thank you for your suggestion. We included these studies in our introduction
section.

(Line 37-39): “...Huth et al. (2021, 2023) integrated a creep damage model into a
large-scale shallow-shelf ice flow model to simulate rift propagation leading to the
formation of iceberg A68 from the Larsen C Ice Shelf....”

(Line 55-57): “...Ranganathan et al. (2024) developed a damage evolution model
coupled with a marine-terminating glacier flowline model and showed that damage

1

can enhance mass loss from both grounded and floating ice....’

4) Line 63 — Please clarify what you mean by 2.5D. Different authors use this in
different ways. Is the thermal part 3D whereas the flow part 2D, is that right?

Response:

That is correct. Kori-ULB is a plan-view vertically integrated model (and therefore
two-dimensional) However, the temperature field is calculated in 3d in order to
allow for a full thermomechanical coupling. We revised the related sentences.

(Line 81-83): “...The Kori-ULB ice-sheet model (Pattyn, 2017; Coulon et al., 2024)
is a vertically integrated, thermomechanical finite difference model that combines
shallow-ice approximation with shallow-shelf approximation (so-called hybrid



model; Winkelmann et al., 2011)....”

5) On Line 70 — put CDM in parentheses, also CDM typically stands for
continuum damage mechanics.

Response:
Thank you for your comment. We revised the sentence as suggested.

Also, change the next sentence as “Damage d(tau_1) includes a local source
term d_1(tau_1) and an advection term due to ice flow d_tr.” Also, damage is
not a conserved variable. The damage evolution equation is not necessarily
related to either mass or momentum but it rather a type of non-conserved
phase field variable. Therefore, you should say “Damage advection due to ice
flow ...”

Response:
We have revised those sentences as follows

(Line 100-102): “... To determine the relationship between ice damage and the first
principal stress d(t;), the CDM framework is based on two key components: a local
source of damage term (d;) that accounts for the local formation of damage, and
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an advection term (dy) that accounts for the transport of damage during ice flow. ...

(Line 115-116): “...In addition, damage fields are advected by ice flow. In this
context, dy represents the evolution of the vertically integrated damage field caused
by advection, stretching, and mass loss or accumulation at the glacier s upper and
lower surfaces. ...

2

6) I do not follow Eq. (3) for d(tau_1), you are taking max of certain quantities,
but because there are so many parentheses, I am not able to follow what you
are stating. Also, aren’t d_s, d_s+d_b and C_1*h s all positive quantities so
then why do you need to have the max(0,..) function, why can’t you just simply
take the max of the three non-zero quantities. I am also not clear how d_tr is
defined in Eq. (4). Even though it may be well described in Sun et al., (2017) it
would be useful discuss the definition of d_tr for completeness. The notation in
the Appendix A is hard to follow as well (see my comments below on Appendix
A).

Response:

That is correct, ds, ds + dp and C; *h are all positive quantities, and damage is always
positive. We have corrected Eq. (3) as follows:

di(t1) = min(ds + d,, €y x h)

ds represents the damage transport during ice flow, which describes the evolution



of the damage field due to advection, stretching, and the loss and accumulation of
mass on the upper and lower surfaces of the glacier. For any time and position (x,
v, t), there is a field d; (x, y, ?) calculated based on Eq. (3), and a field of transported
crevasses depth di (x, y, £) which describes the transport of damage by ice flow.
This transported crevasses depth di can be obtained by solving the damage
transport equation (Sun et al., 2017):
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+ V- (udy) = —[max (a,0) + max (m,0) |

Where the left-hand side represents the vertically integrated damage conservation
under ice flow, which includes the movement of the crevasses along with the ice
flow and the stretching and compression. On the right-hand side, an increase in
undamaged ice thickness is presumed to occur due to accumulation on the upper
surface (a), while the crevassed underside is eroded by basal melting (m).

We have revised the description of the model formulation and added the definition
of dy in section “2.1 Ice sheet and damage model” as follows:

(Line 86—129): “...In Kori-ULB, the relationship between the deviatoric stress t
and the strain rate € is described by Glen's constitutive flow law:

24t t =€, (1)

where A is Glen's flow law factor, dependent on the ice temperature, and n is the
flow rate exponent, with n =3.

To investigate the dynamical response of the TG basin to ice damage and
damage parametric perturbations, we couple the ice-sheet model with the
continuum damage mechanics (CDM) model developed by Sun et al. (2017). This
model establishes a direct link between the amount of damage and ice viscosity:
the propagation of damage reduces the ice viscosity through Glens flow law,
leading to faster ice. This damage feedback is described by the integration of a
damage factor D(t) in Eq. (1):

247%t = (1 - D(1))3%€¢ , (2)

with D (x, y, z) a scalar damage variable, taking values from 0 (undamaged ice) to
1 (ice entirely fractured by surface and basal crevasses). Given the integration over
the vertical, this results in the following expression for the vertically integrated
effective viscosity:
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2hy = (h—d(1,))A 565 | 3)

where u is effective viscosity, h is ice thickness, d (x, y) € [0, h (x, y)] is the
vertical integral of D (x, y, z), and t; is the first principal stress. To determine the
relationship between ice damage and the first principal stress d(ti), the CDM
framework is based on two key components: a local source of damage term (d)
that accounts for the local formation of damage, and an advection term (d,) that



accounts for the transport of damage during ice flow.

In the absence of advection, ice damage is expressed as the total depth of the
crevasses, i.e., the sum of surface crevasses ds and basal crevasses dp (Nick et al.,
2011, 2013; Cook et al., 2014, Sun et al., 2017). Those can be calculated by the
zero-stress assumption (Nye, 1957, Nick et al., 2011):
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where d,, is the water depth in the surface crevasse (here we only consider dry
crevasses, so dy is equal to 0), Hup is the thickness above floatation, g = 9.81 m 57
is the gravitational acceleration, and p; = 917 kg m™ and p., = 1028 kg m™ are the

ice and seawater density, respectively.
The local source of damage term di(t;) is then expressed as
dq(71) = min(ds + dp, Cy * h), (6)

where Cyis a parameter ranging from 0 to 1 that sets an upper limit to di(t;) as a
fraction of the ice thickness. This constraint prevents an overestimation of crevasse
depth in the gridded domain.

In addition, damage fields are advected by ice flow. In this context, d; represents
the evolution of the vertically integrated damage field caused by advection,
stretching, and mass loss or accumulation at the glacier s upper and lower surfaces.
The transported crevasses depth d, can be solved by the following damage
transport equation (Sun et al., 2017):

adtr

—-+ V- (udy) = —[max (a,0) +max (i, 0) ]%, (7)

The left-hand side of Eq. (7) represents the conservation of vertically integrated
damage, which includes the advection of crevasses with the ice flow and the effect
of stretching and compression. On the right-hand side, damage reduction is
modeled through two processes: an increase in undamaged ice thickness due to
surface accumulation (a) and erosion of the crevassed ice bottom by basal melting

(m).

Overall, at any given time and position (x, y, t), there exist two damage fields:
the locally generated crevasse depth d; (x, y, t), as calculated above, and the
advected crevasses depth di-(x, y, t). Assuming that crevasse surfaces do not bond
together during closure, at least on the timescale relevant to crevasse closure (Sun
etal., 2017), the final expression of damage d (x, y, t) is given by

d(x' Y, t) = min(CtT * h(x' Y t) , max (dl(xﬂ Y t) ) dtr(x' Y t))) ) (8)

where Cy is a parameter that limits d as a fraction of the ice thickness, with C; <



Cu. This implies that regions of the ice shelf subjected to lower stress inherit
damage from the upstream areas that are experiencing higher stress...."”"

7) Line 90 — Was the inversion to obtain ice sheet initial conditions only
performed once and was used as the starting point for all simulations. Also,
more details on the inverse would be useful for the general reader, unless
Coulon et al. (2024) has it all in detail. Please add a sentence to clarify.

Response:

The nudging scheme described here is used to obtain the ice sheet initial conditions
used as a starting point for both the Ctrl experiment as well as the 43-member
ensemble used to quantify TG’s sensitivity to the intensity of ice damage. In
contrast, the initial state used for the Ctrlcal experiment was produced using the
method described in van den Akker et al. (2025). Note that the only difference
between both methods is that in the second case, the satellite-based data of present-
day ice mass-change rates (dhdt) is added to the surface mass balance used as a
boundary condition in the initialization. To avoid confusion, we have replaced
'Ctrleal’ with 'Ctrlanae’ throughout the entire manuscript.

The initialization procedure is described in detail in Appendix A of Coulon et al.
(2024). In the revised manuscript, we have improved the description of the
initialization procedure in section 2.3:

(Line 154-158): “...The initial conditions for both the 43-member damage
ensemble and the Ctrl experiment are obtained by an inverse simulation nudging
towards present-day ice-sheet geometry (Pollard and DeConto, 2012; Bernales et
al., 2017; Coulon et al., 2024), using present-day ice-sheet surface and bed
geometry from BedMachine v2 (Morlighem et al., 2020) and present-day surface
mass balance and air temperature from the polar regional climate model
MARv3.11 (Kittel et al., 2021). A detailed description of the initialization procedure
is provided in Appendix A of Coulon et al. (2024). The initial state for the Ctrl
experiment is identical to that of the 43-member damage ensemble, ensuring that
all start from the same ice sheet geometry. In the damage sensitivity experiments,
ice damage is activated from the first timestep of the historical simulation, meaning
that the ice sheet is considered undamaged at the start of 1990. Given that this
assumption is somewhat idealized, the simulated damage can be interpreted as
relative to the initial state.

To reproduce the dynamic disequilibrium observed during the historical period,
we apply the initialization method of van den Akker et al. (2025). Specifically, the
initial state of the Ctrlaa: experiment is obtained by adding a ‘correction term’ —
equal to minus the observed mass change rates (taken from Bevan et al., 2023) —
to the present-day surface mass balance (Kittel et al., 2021) during the transient
nudging procedure. This ensures that, by the time the nudging procedure has
achieved a steady geometry, the model has been trained to produce ice fluxes that



closely match observations. In other words, the ice sheet model is ‘trained’ to
equilibrate toward a state that implicitly accounts for observed mass change rates.
As a result, it is important to note that the Ctrlana: experiment starts from a slightly
different initial state than the Ctrl and damage experiments (see supplementary
Figs. S1 and S2)....”

Coulon, V., Klose, A. K., Kittel, C., Edwards, T., Turner, F., Winkelmann, R., and Pattyn, F.:
Disentangling the drivers of future Antarctic ice loss with a historically calibrated ice-sheet
model, The Cryosphere, 18, 653—-681, doi:10.5194/tc-18-653-2024, 2024.

van den Akker, T., Lipscomb, W. H., Leguy, G. R., Bernales, J., Berends, C., 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, doi:10.5194/tc-19-283-2025, 2025.

8) Line 92 — Assuming that present day is undamaged is unrealistic, but it is an
assumption. Perhaps, you can add a clarification that it can be interpreted as
relative damage with respect to the initialized state. In the sentence below you
report RMSE, perhaps it is a bit more helpful to report relative RMSE as a
percentage.

Response:
Thank you for your comment. We have added the following clarification

(Line 159-162): “.... In the damage sensitivity experiments, ice damage is
activated from the first timestep of the historical simulation, meaning that the ice
sheet is considered undamaged at the start of 1990. Given that this assumption is
somewhat idealized, the simulated damage can be interpreted as relative to the

’

initial state. ...’

In addition, we have followed your suggestion and now use the relative RMSE. We
have added the equations of RMSE and the relative RMSE and revised the related
description in section 2.3.

(Line 171-178): “...To evaluate the modeled initial conditions, we compute the root
mean square errors (RMSE) and the relative RMSE (rRMSE) between simulated
and observed ice velocity (Rignot et al., 2017) and ice thickness (Morlighem et al.,
2020):

n . N2
RMSE = Yo, (Sim;—obs;) (9)
n
rRMSE = "=, (10)

where n is the number of grid points, sim; and obs; are the simulated and observed
ice velocity (Rignot et al., 2017) or thickness (Morlighem et al., 2020), respectively,

and obs is the mean observed ice velocity or thickness. In addition, we estimate



the mean distance between the modeled and observed grounding-line position using
the “open-ended box” approach of Moon and Joughin (2008)....”

(Line 179-185): “...Following the standard initialization procedure (used in the
Ctrl and damage experiments), the RMSE (rRMSE) values between simulated and
observed ice velocity and thickness are 201 m a™! (1.66) and 28 m (0.01) for the
whole basin, and 786 m a”' (0.98) and 28 m (0.1), for floating ice only
(supplementary Fig. S1). The modeled grounding-line position of the TG basin is
in good agreement with observations (Gardner et al., 2018), with an average offset
of 1.3 km. For the initial state of the Ctrlana: experiment, the RMSE (rRMSE) values
of ice velocity and thickness are 172 m a™' (1.42) and 27 m (0.01) for the whole
basin, and 659 m a’' (0.83) and 54 m (0.13) for floating ice only (supplementary
Fig. §2). The modeled grounding-line position also closely aligns with
observations, with an average offset of 2.3 km....”

9) Line 98 — The term local damage is used to define the damage production term
to highlight the fact that damage can also advect from upstream. However,
both advection and production terms are local damage whereas nonlocal
damage refers to those approaches that incorporate a nonlocal length scale
(Duddu, 2020; Huth 2021b).

Response:

Thank you for your comment. We agree with your description. The advection and
production terms described in our study are local damage. To avoid confusion, we
have revised this section as follows.

(Line 100-102): ... To determine the relationship between ice damage and the first
principal stress d(t1), the CDM framework is based on two key components: a local
source of damage term (d;) that accounts for the local formation of damage, and an
advection term (dy) that accounts for the transport of damage during ice flow. ...”

We have also deleted the sentence “C; sets a limit on local damage and Cj sets a
limit on total damage”.

Also, on Line 101, why not say parameter values, why use the term parameter
members. I would replace the word members with values in this context
throughout the paper.

Response:

We have replaced “members” by “values” as you suggested throughout the paper.

10) Line 114 — Add statement to clarify what “different physics” the Ctrl_cal
experiments consider as opposed to the damage experiments.

Response:



Apologies for the confusion. The physics are the same, it is the initialization
procedure which is different. To derive the initial state for the Ctrlca (now the
Ctrlanat) experiment, the satellite-based data of present-day ice mass-change rates
(dhdt) is added to the surface mass balance used as a boundary condition during
the initialization. To avoid confusion, we have replaced 'Ctrlca' with 'Ctrldnat
throughout the entire manuscript.

To enhance clarity, we have removed this sentence and revised the related sentences.

(Line 149-150): “...In addition, two control simulations without damage serve as
baselines for comparison: one designed to reproduce observed mass-change rates
(Ctrlanay), and another without this constraint (Ctrl)....”

(Line 158-161): “...The initial state for the Ctrl experiment is identical to that of
the 43-member damage ensemble, ensuring that all start from the same ice sheet
geometry. In the damage sensitivity experiments, ice damage is activated from the
first timestep of the historical simulation, meaning that the ice sheet is considered
undamaged at the start of 1990...."

(Line 168—170): “...As a result, it is important to note that the Ctrlana experiment
starts from a slightly different initial state than the Ctrl and damage experiments
(see supplementary Figs. SI and S2)...."

For additional details regarding the initialization procedures for both the Ctrlanat
experiment and the Ctrl/damage experiments, please refer to our response to
Comment 7) as well as Section 2.3 of the revised manuscript.

11) Line 141 — Replace the term “the strength of ice damage” with “the intensity
of ice damage” throughout the paper. In Table 1, the acronym SLC is not

Response:

Thanks for your suggestion, we have replaced the term “the strength of ice damage”
with “the intensity of ice damage” throughout the paper.

SLC represents the contribution to sea level. We have revised the relevant sentence
to clarify this when the full name of SLC appears early in Section 2.2.

12) Line 150 — The description here could be improved. Is it correct that so this
ignoring damage underestimates ice mass change by more than an order of
magnitude, that is 2.1 (without damage) instead of 38.3 (with damage) or 28.1
(Ctrl_cal)?

Response:

Thanks for your suggestion. This is correct. We have modified the description of
the results as follows



(Line 206-211): “...For the period 1990-2020, the simulated mean net mass
balance for Group 1 (with damage) is -26.5 Gt a”!, which is comparable to satellite-
derived observations (-46.1 £ 7.2 Gt a! over 1992-2017; mean + I s.d.). In
contrast, neglecting ice damage underestimates ice mass change by more than an
order of magnitude, with the Ctrl experiment simulating only 1.2 Gt a’’. The Ctrlana
experiment, which also ignores ice damage but applies an artificial correction to
the ice mass-change rate, yields a simulated net mass balance of -30.1 Gt a’’ over
1990-2020, comparable to estimates from Group I...."”

13) Figure 4 — This is an important figure, and the results can be explained better
with a sentence. The way I understand the light red and green corresponding
to the lowest damage do not produce any significant retreat compared to the
observed GL and central profile. Is the black line in subfigure (b) the observed
elevation, please clarify.

Response:

That is correct. Along the central profile, the light red and green corresponding to
the lowest damage do not produce significant retreat compared to the observed GL.
However, the two lowest damage scenarios still result in an obvious retreat
throughout the entire TG basin, such as in regions in the upstream glacier area of
the TEIS, compared to the observed GL. For clarity, the figure previously referred
to as Figure 4 appears as Figure 7 in this revised submission. We added the
following sentence into the revised manuscript:

(Line 327-330): “...Ensemble members with lower damage intensities (light red
and green lines in Figs. 7a and 7b) also show less retreat compared to the initial
grounding line position. However, even these cases exhibit noticeable retreat
across the TG basin, particularly in the upstream glacier area of TEIS....”

The black line in subfigure (b) indeed represents the observed elevation. We have
now removed it from Figure 7 (revised) and substituted it with the initial elevation
for comparative purposes.

14) Line 219 — The sea level rise by year 2300 is about 5 — 8 cm. This seems quite
small. Is this cumulative sea lever rise or is it sea level rise. From what I recall,
the question always was if Antarctica could contribute to a meter or more of
sea level rise by 2300. Does this mean that Thwaites is not going to be a major
contributor for sea level rise?

Response:
Thank you for your comment. In our simulations, the boundaries of the basin
remain fixed, preventing us from directly inferring global mean sea-level rise. It is
important to note that the goal of this study is not to produce sea-level projections.
Instead, we focus on testing the influence of damage on the Thwaites Glacier basin



under constant present-day climate conditions. Our sensitivity experiments
quantify TG’s mass loss response to the damage feedback mechanism. Our results
show that damage accelerates grounding-line retreat and ice mass loss in the TG
basin, suggesting that it is a key process that should be considered when modeling
TG’s future evolution.

We have revised the text to refer to mass loss in sea-level equivalent rather than as
a direct sea-level contribution.

(Line 317-318): “...By 2300, the simulated mean ice mass loss in Group I reaches
5.5 £ 3.3 cm sea-level equivalent — 5 times higher than in the Ctrl simulations (1
cm) and more than twice that of the Ctrlana: (2 cm) experiments (Fig. 6a).... "~

15) Line 233 — It is stated that “The increased ice velocity and decreased ice
thickness further stimulate damage formation and propagation.” I am not sure
if decreased ice thickness would always stimulate damage formulation. As the
ice thickness is reduced the driving stress could also be reduced and this could
reduce damage formation. Perhaps, my reasoning is wrong, but the authors
could comment on this.

Response:

Thank you for your comments. Indeed, the driving stress is linear to the ice
thickness, so reducing the ice thickness could reduce damage. Nonetheless, our
damage primarily depends on strain rates, which increase faster than the reduction
in ice thickness. As a result, the overall effect is an increase in the formation and
propagation of damage. We have revised the relevant sentences accordingly.

(Line 294-298): “...Ice-shelf thinning and weakening, reproduced in both
experiments over the historical period (Figs. 4c and 4g), lead to increased ice
velocity and decreased upstream ice thickness. In GI simulations, this further
stimulates damage formation and propagation, amplifying mass loss. Although
reduced ice thickness could decrease the driving stress, potentially limiting damage
formation, our model damage primarily depends on strain rates, which increase in
thinning ice shelves as buttressing is reduced....”

16) Line 265 — The long-term projections of TG’s evolution (2020-2300) differ
between the Ctrl_cal and those with damage. It would be good to remind the
reader, quantitatively and qualitatively what are these differences by 2300.
Also, important to note that we will not know which of the two projections is
realistic. I do not think we can simply state that incorporating damage
mechanics improves the projections without some validation. This needs more
discussion.

Response:



Thank you for your relevant suggestion. We have quantitatively and qualitatively
described the differences in mass loss, ice velocity and grounding line retreat by
2300 between the Ctrlgna: experiment and those with damage by adding the
following paragraph:

(Line 385-388): ““... However, mass loss projections for 2020-2300 in the Ctrlaa
experiment diverge significantly from those that explicitly represent ice damage
processes. Specifically, simulations accounting for ice damage predict more than
twice the ice mass loss, higher mean ice velocity along the central flowline profile,
and greater inland retreat of the grounding line (Figs. 6 and 7)....”

It is true that we cannot say which of the two projections is realistic. While
accounting for damage allows us to capture the observed mass loss over the
historical period, we also show that the positive feedback between damage
processes and ice-shelf weakening leads to a substantial increase in mass loss on
multi-decadal to centennial scales. This increase is particularly pronounced when
compared to the Ctrlana: experiment, in which the observed trend in mass loss has
simply been extended into the future.

The application of prognostic modeling to investigate the impact of damage on the
dynamic evolution of ice shelves, as performed in this study, remains in its early
stages. Further work is needed to refine how damage is represented in ice-sheet
models, particularly through improved validation against observations.
Nevertheless, our results suggest that damage is a key mechanism accelerating
grounding-line retreat, with the associated ice mass loss representing a potential
contribution to future sea-level rise. We have added a statement along those lines
in the discussion section.

17) Line 330 — Grant number is missing and typed as XX
Response:
We added the grant number and revised the Acknowledgements section.

(Line 454-461): “...Acknowledgements. YL and QY received support from the
National Natural Science Fund of China (No. 42406242), the Southern Marine
Science and Engineering Guangdong Laboratory (Zhuhai) (Nos. SL2021SP201
and SML20225P401), and the Fundamental Research Funds for the Central
Universities, Sun Yat-sen University (No.74110-31610046). This research was also
supported by OCEAN:ICE (which is co-funded by the European Union, Horizon
Europe Funding Programme for research and innovation under grant agreement
Nr. 101060452 and by UK Research and Innovation) and the HiRISE (NWP
GROOT, Netherlands, under grant agreement No. OCENW.GROOT.2019.091).
Computational resources have been provided by the Consortium des Equipements
de Calcul Intensif (CECI), funded by the Fonds de la Recherche Scientifique de
Belgique (FR.S.-FNRS) under Grant No. 2.5020.11 and by the Walloon Region....”



18) Appendix A — This section needs to undergo a thorough revision. Please see the
comments below:

Response:
Appendix A has been removed and merged into section 2.1., where the model
formulation has been extensively revised.
* The notation is poorly chosen, for example stress and strain are tensors, but
they are denoted as scalars. Eqs. (A1) and (A2) need to be corrected.
Response:
We corrected the equations as you suggested.

* In Eq. (A3) the first term on the RHS is (h-tau_1), which does not make sense
because h ice thickness and tau_1 is the first principal stress. You cannot
subtract two quantities with different units.

Response:

Thank you for noticing this. Indeed, something was wrong with the expression of
Eq. (A3). We have revised it.

1 2
2hu = (h—d(t,))A73¢73

* Line 359 tau_1 cannot be determined by setting it equal to depth of crevasses,
stress and depth are different physical quantities.

Response:
Agreed. We revised this section as follows:

(Line 103-104): “...In the absence of advection, ice damage is expressed as the
total depth of the crevasses, i.e., the sum of surface crevasses ds and basal crevasses
dp (Nick et al., 2011, 2013; Cook et al., 2014; Sun et al., 2017)....”

* In Eq. (A8) u should be bold as it represents the ice velocity, which is a vector,
otherwise the divergence operator does make any sense.

Response:
We have revised the equation as you suggested.
(Line 118): “...

adtr

—o V- (udy) = —[max (a,0) + max (m,0) ] %

2



I do not understand how the sentence above Eq. (A9) about crevasse closure
leads to the specific definition of damage in (A9)

Response:

Thank you for your comment. We adopt the assumption proposed by Sun et al.
(2017) that crevasses surfaces do not bond together during the closure process, at
least within the timescale of crevasse closure. This assumption implies that regions
of the ice shelf under lower stress inherit damage from any higher-stress region
upstream, i.e. that d(z;) = max (d,(t1),d¢).

Note that we additionally apply a constraint based on a fraction of ice thickness (Cy-
* h) to set an upper limit on the final damage field, and integrate these three
components to define the final damage field.

We have revised the formulation of the description of the model in section “2.1 Ice
sheet and damage model” part accordingly. For details, please see the response to
comment 6) as well as the revised manuscript.

Line 379 — Please explain what the term “model collapse before 2300” means.

Response:

Since the boundaries of the drainage basin of Thwaites Glacier remain fixed, the
model run encounters numerical instability and eventually stops whenever the
grounding line approaches those boundaries. This numerical failure is therefore
linked to the collapse of the basin itself, meaning that the instability arises from
both numerical and physical causes. We have modified this section as follows:

(Line 331-334): “...In Group 2 (high damage intensity members, Table 1), 18 out
of 27 simulations resulted in model failure before 2300 (dashed dark red lines in
Fig. 8a). Since the Thwaites Glacier drainage basin boundaries remain fixed, the
model encounters numerical instability and eventually stops when the grounding
line approaches these boundaries. This numerical failure is thus linked to basin

’

collapse and arises from both numerical and physical instabilities. ...’

Line 381 — it is not clear what is meant by “averagely” in the next sentence,
maybe say “on an average” instead. Also, 7 — 10 cm of global sea level rise
seems on the lower end, when other works are exploring the possibility of 1 —
3 m of sea level rise (e.g. DeConto and Pollard, 2016).

Response:

Thank you for your suggestion. We have revised the text as you suggested.

(Line 336-338): “...In comparison, the 18 members from G2, show an average ice
mass loss of 7.1 £ 2.8 cm by 2100 (dark red line and hatched area in Fig. 8b), ...”

The relatively limited contribution of ice mass loss to sea level from the TG basin
simulated in this study may be due to the use of present-day atmospheric and
oceanic forcing in our forward simulations rather than projections based on future



climate scenarios. This constraint likely results in a lower SLC over the 280-year
simulation period (2020-2300), compared to the projection results of DeConto and
Pollard (2016) that employed high-resolution RCM-based atmospheric forcing
under three extended Representative Concentration Pathway (RCP) scenarios.

Additionally, note that the boundaries of the basin cannot move in our simulations,
which does not allow us to make a robust inference on global mean sea-level rise.
As mentioned previously, this study does not aim to produce sea-level projections
but rather assess the impact of damage on projected mass loss.

* Table A1 — How is RMSE calculated, please give more details and perhaps
consider relative RMSE to report it as percentages.

Response:
The RMSE was calculated as follows:

RMSE=\/ ?=1(Sim,-—obsl-)2
n

where 7 is the number of grid points. sim; and obs; are the simulated and observed
ice velocity (Rignot et al., 2017) or thickness (Morlighem et al., 2020), respectively.

We have also added the relative RMSE as you suggested. The relative RMSE
(rRMSE) between simulated and observed ice velocity and ice thickness is
calculated by:

RMSE

RMSE = ——
obs

where obs is the mean observed ice velocity or thickness.

We have added the relative RMSE into Table A1l and also revised Table Al as
follows (Please note that Table A1 has now been moved to the supplementary
material as Table S1):

(In Supplementary): “...

Table S1. Summary of the damage sensitivity experiments and two control
experiments performed at the TG basin under constant present-day conditions. The
values of parameters C; and Cy of the 43 simulations considering the damage
processes are produced using Latin hypercube sampling in their parameter space.
The RMSE and rRMSE between the simulated and observed ice velocity (Rignot et
al., 2017) are used to evaluate the accuracy of the model results. The experiments
marked with an asterisk* in Group 2 correspond to 18 simulations that
predominantly exhibit high damage intensity, leading to model failure before 2300;
these simulations are collectively referred to as G2y in this study.



Damage parameters

RMSEs (rRMSEs) over 1990-2020

. RMSE RMSE RMSE
Scenarios ID C C
1 T (rRMSE) (rRMSE) (rRMSE)
(whole basin) (floating ice)  (grounded ice)
Ctrl
deactivated damage - - 190.9 (1.58) 745.2 (0.92) 95.6 (1.15)
processes
Ctrlnat
deactivated damage
processes;
corrected SMB - - 1813(15)  7527(097)  71(0.84)
using satellite-
observed ice mass-
change rates (Bevan
etal., 2023)
1 0.0308 0.9861 606.6 (5.03) 2468.7 (3.12) 77.8 (1.04)
2 0.0576 07712 327.7(2.72) 1394.3(1.68)  67.1(0.87)
Group 1
3 0.0585 0.5215 221.1(1.84) 928.1 (1.12) 62.5 (0.8)
damage processes;
4 0.0657 0.3400 196.8 (1.63) 815 (0.98) 63.6 (0.81)
L 5 0.0806 0.6590  271.4 (2.25) 1137.4 (1.37) 65.4 (0.85)
the contribution to
Sea-level (SLC) within 6 0.0838 0.5067 233 (1.93) 974.2 (1.16) 63.4 (0.82)
the range of 7 0.0909 0.3521 194.8 (1.62) 805.4 (0.97) 60.4 (0.77)
observational 8 0.0951 0.5530 249.4 (2.07) 1041 (1.25) 63.9 (0.83)
estimates +2 s.d. (0.24 0.1014 0.3265 192.3 (1.6) 794.2 (0.95) 60.2 (0.77)
+0.08 cm over 1992 10 01297 03007 1923 (L6) 791.1(0.95)  59.2(0.76)
2017) in the historical 11 0.1385  0.4258  234.3(1.95) 967.1(1.17)  62.8(0.82)
simulation (Shepherd 12 0.1399  0.2846  189.4 (157) 776.2 (0.93) 59.7 (0.77)
etal., 2019) 13 0.1780 0.2613 185.9 (1.54) 760 (0.91) 60.2 (0.77)
14 0.1819 0.2600  185.6 (1.54) 757.8 (0.91) 60.3 (0.77)
15 0.1932 0.2591  185.2 (1.54) 756.2 (0.91) 60.2 (0.77)
16 0.2255 0.2588  184.9 (1.54) 754.4 (0.91) 59.9 (0.77)
1 0.0174 0.9257  178.8(1.48) 709.7 (0.88) 77.6 (0.95)
Group 2:
P 2 0.0249 0.1666 181.1 (1.5) 705.8 (0.87) 87.3 (1.06)
damage processes;
3 0.0429 0.3302 193.2 (1.6) 795.9 (0.96) 67.3 (0.85)
SLC outside the range
4* 0.0682 0.9409  560.8 (4.65) 2217 (2.76) 106.7 (1.48)
of observational
_ _ 5 0.0778 0.1783  184.1(1.53) 755.1 (0.91) 64.8 (0.82)
estimates £2 s.d. in
o 6* 0.1232 0.9702 1092 (9.09) 3962.9 (5.05) 260.8 (3.95)
the historical
_ , 7* 0.1381 0.8655  554.8 (4.59) 2134.1(2.66)  128.5(1.81)
simulation
g* 0.1486 0.6384  489.8 (4.06) 1980.6 (2.39)  104.6 (1.44)




10*
11

12*
13*
14

15

16*
17

18*
19*
20*
21*
22*
23*
24*
25*
26*
27*

0.1579
0.1759
0.1807
0.1911
0.2267
0.2335
0.2411
0.2604
0.2812
0.3068
0.3497
0.3674
0.3789
0.3877
0.4129
0.428

0.4538
0.4711
0.5202

0.5134
0.8237
0.4473
0.6941
0.7377
0.3962
0.4244

0.467
0.3218

0.648
0.6175
0.6608
0.4358
0.6057
0.5769
0.5242
0.5433
0.5318
0.5657

270 (2.24)
4273 (3.52)
2533 (2.1)
404.2 (3.34)
403 (3.32)
246.7 (2.05)
301.7 (2.5)
512.1 (4.25)
212.7 (1.77)
359.8 (2.97)
552.9 (4.56)
1186.3 (9.73)
526.8 (4.37)
622.4 (5.13)
574 (4.74)
273.4(2.27)
289.8 (2.4)
262 (2.17)
624 (5.15)

1114.8 (1.35)
1603 (1.99)
1043.6 (1.26)
1586.3 (1.94)
1508.7 (1.87)
1015 (1.23)
1246.1 (1.5)
2076.9 (2.48)
868.6 (1.05)
1334.9 (1.64)
2057.9 (2.52)
42496 (5.27)
2140.1 (2.53)
2291 (2.8)
2140.6 (2.57)
1018.8 (1.22)
1075.1 (1.29)
983.3 (1.18)
2330.4 (2.81)

63 (0.83)
126.6 (1.79)
63.1 (0.83)
102.6 (1.42)
123.9 (1.75)
62.9 (0.83)

67.3(0.9)
112.1 (1.55)

62 (0.81)
124.1 (1.76)
165.6 (2.39)
301.6 (4.61)
118.2 (1.63)
190.8 (2.79)
183.5 (2.66)
109.9 (1.53)
112.1 (1.58)
100.3 (1.4)
192.7 (2.79)

We have also added the description of relative RMSE into the revised manuscript:

(Line 248-252): “...By 2020, the mean RMSEs (rRMSEs) of simulated ice velocities
in Group 1 and Group 2 simulations are 241 + 102 m a”’ (1.6) and 435 £ 247 m a’’
(1.9) for the whole basin, and 995 £ 417 m a (1.2) and 1665 + 880 m a™ (1.5), for
floating ice only. For comparison, the RMSEs (rRMSEs) between observed and
simulated ice velocities in the Ctrlaa and Ctrl experiments are 181 m a”* (1.5) and
191 m a’ (1.58) for the whole basin, and 753 m a™ (0.97) and 745 m a™ (0.92), for
floating ice only. ...”

* Figure A1 — why is the flowline marked in subfigures (a) and (b)

Response:

Thank you for noticing. We have removed the flowline from subfigures (a) and (b)
in the original Figures A1 and A2, which now appear as Supplementary Figures S1
and S2 respectively.

* Figure A3 — what is the reason the gray and blue model lines are not matching
well in the top region but matching well in the bottom region, which is apparent
from subfigure (b).

Response:



This difference likely stems from the distinct initial states used in the Ctrl (gray line)
and the Ctrlang: (blue line) experiments. The initial state of the Ctrlana: experiment is
generated by adding a ‘correction term’ equal to minus the observed mass change
rates to the present-day surface mass balance during the transient nudging procedure,
following the method described in van den Akker et al. (2025). This results in a
different initial state compared to the Ctrl experiment. After 30 years of historical
simulation, this difference leads to variations in the evolution of the grounding line
in the TG basin. Our results (now appears as Figure 3 in the revised manuscript)
indicate that in the upper region, the Ctrlang: experiment shows more thinning, ice
flow acceleration, and grounding-line retreat compared to the Ctrl experiment. In
contrast, in the lower region, a generally more stable area, differences between the
two control experiments remain relatively minor.

* Figure A4 — please add a sentence to clarify how ice mass loss is calculated.
Response:

We have taken the decision to remove this figure from our revised manuscript.
* Figure AS — what does model collapse mean.
Response:

See response to the comment about Line 379 above.



