RESPONSES TO REVIEWERS FOR

Brief Communication: Sensitivity of Antarctic ice-shelf melting to
ocean warming across basal melt models

E. Lambert* & C. Burgard*, submitted to The Cryosphere

We thank both reviewers for the in-depth review and insightful comments.

Below, we repeat our point-by-point reply to all review comments.
In italics, we elaborate on the changes we have made in the manuscript.

Author response to reviewer #1

General comments
The manuscript is well organized and written.
Thank you, we appreciate this positive feedback.

Your manuscript addresses the basal melting enhancement for increased ocean
temperatures. Since it is often discussed whether a particular parameterization
shows a linear or quadratic behavior for increased temperatures, | wish you could
perform an analysis for a temperature rise greater than 1°C, such as 0.5°C or 2°C,
add the related results, and indicate if those different parameterizations have a
linear or quadratic behavior.

We agree on the added value of an additional scenario to assess the melt sensitivities.
We therefore included a +2°C experiment as a third data point. In addition, based on your
comments, those of the other reviewer, and our own assessment, we have concluded
that a quadratic sensitivity is ambiguous and may invite different interpretations.
Therefore, we decided to complement the linear melt sensitivity with a quantification of
the nonlinearity instead. This nonlinearity is defined as the second-order derivative of the
relation between melt and temperature, derived from the three data points (reference,
+1°C and +2°C). The benefit of this approach is that the metric can still be compared to
quadratic sensitivities and additionally functions as an assessment of the validity of
applying a linear melt sensitivity is to larger temperature perturbations.

We now include an explanation of the additional +2°C experiment and a more detailed
explanation of the melt sensitivity and this nonlinearity in Sec. 2.3 and updated the
analysis in Sec. 3.2 to account for the new definition of the nonlinearity.



Have you considered including a linear parameterization in addition to the
Quadratic parameterization? How would it behave compared to the other
parameterizations listed in Section 2.2, Basal melt models (page 3)?

Yes, we did consider the inclusion of the linear parameterisation. However, in the interest
of space, we decided to restrict ourselves to a subset of the most widely used
parameterisations and chose to exclude the linear parameterisation. Also, in Burgard et
al. (2022), which assessed a range of parameterisations, the linear parameterisation
performed worst.

When it comes to the reference of the basal melting rate of (Paolo et al. 2023), |
wish you could compare your reference with other estimates and how large the
spread is because it would relate the found sensitivities of the analyzed
parameterization to the uncertainty of current basal melting estimates, such as

(Rignot et al. 2013; Depoorter et al. 2013; Liu et al. 2015; Davison et al. 2023).

We have considered this suggestion. However, we think that a comprehensive discussion
of the relationship between observational uncertainties and melt sensitivities is beyond
the scope of this study, particularly in the context of the compact format of a brief
communication. Still, as we do agree that these uncertainties are relevant and significant,
we now include the upper and lower limit of other observational estimates, based on
Rignot et al. (2013), Depoorter et al. (2013), Adusumilli et al. (2020) and Davison et al.
(2023) to put the Paolo et al. (2023) estimate into context.

We included “In this estimate, the total Antarctic integrated melt is 954 Gt yr', which is at
the lower end of existing estimates, others ranging from 1080 Gt yr' (Davison et al., 2023)
to 1325 Gt yr' (Rignot et al., 2013) with uncertainties on the order of 200 Gt yr'.“ In
addition, we reflect on the relatively low values from Paolo and its impact on our melt
sensitivities in Sec. 3.2

You may recheck whether you use British or American English. | recognize mostly
British English, but you use "e.g.," an American syntax. Please correct it.

Thank you for pointing out this stylistic error. We corrected this in the manuscript.

Specific comments
Main document

Line 9/L 9: You may add: “... loss is mainly driven by amplified ocean-induced
melting ... .”



We clarified this sentence by adding “increased” in front of ocean-induced melting:
“This mass loss is mainly driven by increased ocean-induced melting at the base of
Antarctic ice shelves ...”

L 13: I'm unsure that "best"” is meaningful here. You may rephrase it, e.g., " to as
basal melt, is consistently simulated ... ."

We reformulated as follows:

“The most advanced way to simulate the ocean-induced ice-shelf melt, here referred to
as basal melt, ...”

L 15: You may add: “... currently remain rare and computationally too expensive to
run...."

Thank you for the suggestion, we incorporated it:

“However, coupled ocean--ice-sheet models currently remain rare and computationally
too expensive to run circum-Antarctic or global simulations at sufficiently high resolution
over centennial to millenial time scales.”

L 62: You may expend the sentence: “that mimics the overturning circulation in the
cavity; known as ice-shelf pump (Lewis and Perkin 1986).

We expanded as suggested:

‘PICO (Reese et al., 2018) is a box model that mimics an overturning circulation in the
cavity, known as the ice-shelf pump (Lewis and Perkin, 1986).”

L 72: Do you think the three-equation model is linear with respect to the
temperature forcing? If so, please consider modifying the sentence "commonly
adopted 'thre-equations parameterization,” which is linear in the temperature
forcing, and the overturning ... ."

The three-equations parameterisation, in our formulation, is not linear in temperature
forcing. Temperature (and its gradients) impacts the horizontal velocities and thereby the
friction velocity that appears in the turbulent exchange coefficients of both heat and salt.
As we consider this discussion to be too detailed for the brief model description in the
current manuscript, we did not elaborate on this further.

L 84: You may add some information about CDW to address a wider audience, e.g.,
“... awarm layer of Circumpolar Deep Water (CDW), which a temperature of 20°C.”
Thank you for pointing this out. In hindsight, we realised this 0°C threshold does not apply
to our ‘Cool’ forcing, so we omitted this suggestion.

L 87: You may modify “The subsurface warm water mass ... .”
We modified it:



“The subsurface warm water mass has a temperature of 1.2°C (Bellingshausen and East-
Amundsen), 0.4°C (West-Amundsen), and -1.2°C (Cool).”

L 88: Please delete “where possible”

Deleting "where possible” would be inconsistent, as not all values are directly inferred
from observations. This is explained in the next paragraph. Hence, we kept this sentence
as is.

L 90-91: | do not fully agree with the description of the water masses since the
lowest temperature of HSSW corresponds to ocean water’s surface freezing point
temperature (about -1.87°C). In contrast, the water mass that is supercooled in
relation to the surface freezing point temperature is Ice Shelf Water (ISW). The
interaction of the HSSW with the ice shelf base transforms it into ISW. Please clarify
this point.

Thank you for pointing out this imprecision.

We rectified this in Figure 1a) and in the text:

“Finally, the ISW conditions contain a linear function of temperature of -0.3°C per 1000 m
to represent the presence of supercooled Ice Shelf Water, producing a temperature of
approximately -2.1°C at 1000 m, comparable to observations in the Filchner trough
(Sallée et al., 2023).”

L 94: You may delete: “the exact values of”
We deleted it.

L 95: 1 am unsure, but should it be "... division of the ice shelves between Cold and
Cool, ... ."

You are right, this should be “between”. We corrected this:

“Several experimental choices, such as the Bellingshausen thermocline depth, the Cool
sub-thermocline temperature, and the division of ice shelves between Cold and Cool
forcing, could not be sufficiently constrained by observations.”

L 94-95: Since you create and use idealized ocean forcing, you may want to drop
"cannot be sufficiently constrained by observations” since the idealization of
observations is not necessarily identical. You may describe it like this: "Several
experimental choices are made, such as ... Cold and Cool case. Considering the
idealized forcing, the value selection has a subjective component.”

Thank you for the suggestion.

We reformulated to further clarify that, when observations are not available, we use a
method that results in plausible conditions that reduces the subjective component:



“Several experimental choices, such as the Bellingshausen thermocline depth, the Cool
sub-thermocline temperature, and the division of ice shelves between Cold and Cool
forcing, could not be sufficiently constrained by observations. For these choices, to create
plausible conditions, we apply a form of inversion in which we optimise the REF forcing
using LADDIE to reproduce observed basal melt rates in the associated regions.”

L 99: You may replace the verb: “... ice shelf, we restrict CDW intrusion into ... .”
Thank you for the suggestion, we replaced it:

“For each ice shelf, we restrict the intrusion of CDW into the cavity if there is a bathymetric
obstacle at the ice-shelf front.”

L 109-112: Long sentence. You may consider splitting and rearranging it with the
following sentence. For instance: "As changes ... higher than ice-shelf averages
(e.g., Jourdain et al., 2020). Hence, we additionally define the ‘deep amplification,’
where the nondimensional metric ... ice-shelf average."

We followed your suggestion and restructured these sentences as part of the
restructuring of the definition of the metrics:

“Finally, changes in basal melt in the deep regions of ice shelves may have a larger impact
than changes in shallower regions and melt sensitivities in deep regions may be
considerably higher than ice-shelf averages (e.g. Jourdain et al. 2020, Reese et al. 2018).
Hence, as a third metric, we define the ‘deep amplification' DA of the melt sensitivities:
DA = dM_{10}/dT|_{(REF,+1\degree C)} / dM/dT|_{(REF,+1\degree C)}.

Values above 1 indicate that the melt sensitivity in the deep region exceeds the ice-shelf
average melt sensitivity.”

L 122-124: It is unclear how the effective turbulent temperature exchange velocity
is determined. Please clarify.

Thank you for pointing this out, we clarified it as follows:

“Instead, for PICO, we probe a plausible range of effective turbulent temperature
exchange velocities \gamma_Tstar and select the one leading to the maximum melt
when using the empirical function given by Burgard et al. (2022), linking the overturning
coefficient C to \gamma_T"star. We then infer the corresponding C needed to reach the
target melt, resulting in \gamma_T"star=0.85x10"° and C=7.4x105.“

L 140 and L 141-142: Intriguing that the spreading factor is 100 = O(10 m yr-
1)/0(0.1 m yr-1) in the first case and only 10 =O(5 m yr-1)/0(0.5 m yr-1) for the Plume
Model and Neural Network.



We agree that some differences in behaviour between the parameterisations are
intriguing. As we could not discover a question or request in this comment, we did not
adjust the manuscript in response to it.

L 162-164: You speculate that the selected minimum layer thickness may
overestimate the heat transport. Would a thicker or thinner layer thickness reduce
the heat transport?

This is not a trivial question and is beyond the scope of this paper to discuss. A thicker
minimum thickness enhances entrainment and thus heat transport, a thinner layer
thickness allows for a more efficient heat transfer to the ice shelf base.

We reformulated this sentence to provide some more insight:

“Detailed tuning of this parameter, as done by Lambert et al. (2023), can constrain melting
in the deep regions.”

L 187 and 189: First, | was confused about what "linear sensitivities" and
"quadradic sensitivities" mean. | guess you may something line “(T_cold -
T_warm)/ Delta T” and “(T_cold — T warm)**2/Delta T “, or? Please clarify it.

Thank you for pointing out that this was unclear. Partly in response to this comment, we
have decided to redefine the sensitivities.

We now explicitly define the different metrics that appear in Fig 3, in Sec. 2.3.

L 228: | am afraid | have to disagree that we can not avoid it, but it could be
essential. Furthermore, some models/parameterizations may only be fit for some
purposes. Therefore, reducing the intermodel spread might be misleading. Instead,
knowing the limitations of the models and coming to a generalized description
might be more critical.

We note the concern and reformulated accordingly:

“As melt in the deep regions most strongly impacts buttressing, we identify this intermodel
spread in deep melt sensitivities - which can exceed two orders of magnitude in presently
fast-melting ice shelves - as one critical source of model uncertainty in basal melt forcing.
Further unravelling this intermodel spread should be a primary research focus to put into
context the uncertainties in future projections of ice-sheet mass loss and sea-level rise
and ultimately reduce them. The quantitative comparison of ice shelf-specific melt
sensitivities and derivatives thereof, based on five dedicated melt models, can function
as a starting point to address this issue.”

L 232: | am unsure about the style guide of Copernicus journals, but should each
quantity have its own units so that it comes to "67% to 240%"?

We did not find the style recommendation for this particular case and therefore rely on
the copy-editing process to implement the right style.



L 197: You may be more implicit with your message: . by the quadratic
sensitivities (Fig. 3c), having on average the highest sensitivity, with values ... ."
This appears to be an incorrect interpretation by the reviewer. The consensus relates to
a weak sensitivity as mentioned in the previous sentence. In any case, we have now
rewritten this part to interpret the nonlinearity metric.

L 240: | am unsure if you would like to extend the sentence: "... melt enhancement
in the deeper regions and none towards lowest depths: PICO ... ."

We reformulated this paragraph to include the insight from the nonlinearity metric. This
particular sentence now reads:

“PICO displays an overall moderate melt sensitivity which is particularly uniform within
each ice shelf and generally remains constant under further warming.”

Figure

Figures 1 b—g) and 2 a—e): Great figures and a very smart way to use the available
space to plot the ice shelf regions around Antarctica. Since your color bars have a
"whitish" color around zero (0), it is not always clear what values are along the ice
shelf edge facing the ocean. Would it help to color the ocean (e.g., gray) and,
therefore, mark the ice shelf edge?

Thank you for pointing this difficulty out. Filling the ocean is not trivial with the way we
constructed these figures.

We now added fading contours for the grounding line and calving front in Fig. 1 and Fig.
2.

Author response to reviewer #2

General comments
The paper is well-structured and concise, with the figures in particular
accommodating a huge amount of information in an impressively small package.

Thank you for this positive feedback. We appreciate it.

My major question is related to the sensitivity calculations and comparison with
other studies. Because there was only one warming experiment, the quadratic
sensitivities were calculated using the additional point of zero melt at the freezing
point. Is this a common approach to calculating climate sensitivity? Would it be
possible/valuable to conduct an additional simulation with a larger forcing in order
to better constrain both the linear and quadratic sensitivities? If feasible, this could



also allow one to evaluate whether the sensitivity of each model (and/or ice shelf
system) is better characterized as linear or quadratic.

We agree that the zero point appears somewhat arbitrary and now include, as suggested,
an additional simulation with a +2°C warming. The omission of this zero point naturally
changes the meaning of the quadratic sensitivity, as it no longer sensibly applies to
temperature forcings outside our explored range. Hence, we replace this quadratic
sensitivity with a ‘nonlinearity’, which is defined as the second-order derivative over the
explored range. The benefit is that this metric can still be compared to previous estimates
of the quadratic sensitivity. In addition, the nonlinearity functions as an assessment of
how valid it is to apply a linear melt sensitivity to larger temperature perturbations.

We reformulated the definition of the metrics at the end of Sec. 2.3 and updated the
analysis in Sec. 3.2 to account for the new definition of the nonlinearity.

Relatedly, where the sensitivities calculated in this study are compared to
published estimates (e.g. lines 187-192), it would be helpful to include at least a
brief description of the approaches of those studies and how they differ from the
present work. Certainly the reader can visit those references for more detail but |
think that a bit of context within the text would be helpful and appropriate.

Thank you for pointing it out.

Throughout Sec. 3.2, when we compare our results to previous studies, we now provide
context on the approaches of these other studies.

There are a few other points where | think more discussion would be appropriate
which | have highlighted in the line-by-line comments.

Line-by-line comments

Abstract: “diversity in basal melt forcing is presently unavoidable to prevent
underestimating uncertainties in future projections.” This statement is confusing
to me because it’s separated from the initial mention of sea level rise and also I'm
not sure what you mean by “unavoidable.” | would say something like “a range of
basal melt forcings should be applied to incorporate this uncertainty in future
projections of sea level rise.”

We reformulated to clarify as follows:

“We conclude that a consistent calibration on present-day conditions does not guarantee
consistent melt sensitivities and that the inclusion of various basal melt forcings should
be applied to prevent underestimating uncertainties in sea-level projections.”



Line 138: It might be helpful to refer here to the ice shelf label numbers, i.e. “(10-14
and 27 in Figure 1a)”.

Good point, we added this information:

“In addition to average melt rates, all basal melt models reproduce the comparably higher
melt rates for the ice shelves in the Amundsen Sea and Totten/Moscow University ice
shelves (\#10-14 and 27 in Fig.1a)”

Line 141: Does this imply that the contrast is reproduced better in the other
models? Please clarify.

Yes, the large contrast is better in line with observations, so here we can conclude that
there is an actual underestimation by these two models.

We clarified this as follows:

“A comparison of the melt rates between Amundsen Sea (observed: O(10 m yr')) and
Filchner--Ronne (observed: O(0.1 m yr')) reveals that this contrast is well captured in the
Quadratic, PICO, and LADDIE models, while the Plume model and the Neural Network
underestimate this contrast by an order of magnitude (O(5 m yr') vs O(0.5 m yr’)
respectively).”

Line 168-170: This has me a little confused about how the Neural Network approach
works. | guess it is trained on simulations that include seasonality, but when given
an ocean temperature profile modeled on winter conditions, the resulting melt
pattern effectively represents an annual mean — is this true? (It doesn’t seem like
this has much impact on the melt sensitivity calculation since it looks like a lot of
that signal cancels out, at least looking at Filchner-Ronne and Ross.)

Yes, the Neural Network has been trained on yearly-averaged melt rates, therefore
implicitly reproducing seasonality in these particular cases.

We clarified as follows:

“This melting is caused by the presence of Antarctic Summer Water (AASW), and cannot
be explained by our forcing (hence this melting is not simulated by the other models).
Instead, it is an intrinsic feature learned from the NEMO training dataset. The NEMO
training dataset is based on annual averages, which intrinsically incorporate months in
which AASW intrudes under the ice shelf, leading to melt near the front. Thus, the Neural
Network will reproduce this pattern with any forcing.”

Line 177: At times | found it slightly confusing that “deep amplification” can refer
to either the actual melt rate or the melt rate response/anomaly — this is a place
where | think it is a bit unclear and you could clarify by writing “Combining the
average melt rate response and its deep amplification...”

We agree and now use this term ‘deep amplification’ solely as representing the
amplification in the linear melt sensitivities, as appearing in Fig. 3.



Hence, we now express the melt rates and melt changes at depth (Fig. 1 and 2) in
absolute terms to avoid confusion. Throughout the text, we now use ‘deep amplification’
to describe the amplification of the melt sensitivity at depth.

Line 187-192: Why do you think the sensitivities calculated in this study are so
much lower than previous estimates? Are there key contrasts with the approaches
taken in those papers that can help the reader interpret your findings?

Yes, we have a preprint submitted (doi: 10.5194/egusphere-2024-2257) where we
conclude that the discrepancy in sensitivities with van der Linden et al can be explained
based on large-scale meltwater-ocean temperature feedbacks.

We now refer to this preprint and briefly summarise the explanation:

“Third, as shown by Lambert et al. (2024), the calibration method of van der Linden (2023)
leads to an overestimation of melt sensitivities when ignoring the positive feedback
between meltwater and subsurface ocean warming. “

Line 195: To me this is a somewhat uncommon use of the word “consensual,” |
would omit it as you’ve already said earlier in the sentence that the models agree
so | don’t think it’s necessary (or it could be replaced with “consistent”).

Thank you for spotting this. We removed it.

Line 196-199: Some patterns begin to emerge here but they weren’t immediately
obvious to me with the large number of names, not all of which were completely
familiar. One simple thing that would make it easier to parse is to reverse the order
that you list the ice shelves in the sentence so they are in the same order as they
are shown in Figure 3. You could also consider noting in the text what ocean
conditions apply to each ice shelf, or including the number of each ice shelf
corresponding to the legend in Figure 1a to make it easier to refer back.

As suggested, we changed the order in which we mention the ice shelves and included
the numbers in the text. We also added the ice-shelf numbers (and in the color of the
corresponding forcing) in Fig. 3.

Line 203: except for Getz.

You are right, we added this information:

“These are the ice shelves located in the Amundsen Sea except Getz ice shelf (\#10-
13) ...”

Line 208-210: What was the method/approach used by the study you’re comparing
to, and is there a clear reason to think that result is more realistic?

This study is based on a timeseries of observations in front of Dotson ice shelf and so we
consider these to be a realistic guidance for the Dotson ice shelf and the neighboring ice
shelves.



We know introduce this approach as follows:
‘Again, Reese et al. (2023) provide comparison melt sensitivities based on in-situ
observations at the fast-melting Dotson ice shelf ranging from 11 to 20 m yr' °C".”

Line 220-229: From what you’ve shown, | don’t think it’s possible to “reduce the
intermodel spread” in reference to this suite of models because they are
fundamentally so different from one another.

Rather, if the goal is to improve sea level projections, it seems to me that it’s
important to prioritize the regions of the ice shelf that exert the greatest influence
on ice sheet dynamics and consider which models seem most trustworthy in those
settings. Thinking of results from Reese et al. (2018) showing the disproportionate
sensitivity of upstream ice dynamics to thinning in narrow channels near the
grounding line, it’s concerning to me that the Neural Network is trained on a model
that likely performs worst in those areas. (But maybe you disagree!) On the other
hand, if the goal is to capture the change in spatial distribution of basal melt more
broadly under warmer ocean conditions, the Neural Network may be a good
choice.

| know you are limited in how much you can say about which model is “better” but
| think it could add to the value of this paper if you went a bit further into the
discussion of the implications of your findings.

We think that you are rightly pointing one of the main difficulties surrounding basal melt
calibration and evaluation. Different applications require different aspects of basal melt to
be realistic. Our aim is to provide an objective evaluation of the melt sensitivity based on
several (widely applied) dedicated melt models, so that (ice-sheet) modelers can make
decisions based on their research question.

We expanded the take-home message in this section and put additional effort into
interpreting the inter-model spread. However, we refrain from ranking the models in terms
of performance as the sparsely available (largely model-based) reference values of melt
sensitivities are insufficient to do this:

“As melt in the deep regions most strongly impacts buttressing, we identify this intermodel
spread in deep melt sensitivities - which can exceed two orders of magnitude in presently
fast-melting ice shelves - as one critical source of model uncertainty in basal melt forcing.
Further unravelling this intermodel spread should be a primary research focus to put into
context the uncertainties in future projections of ice-sheet mass loss and sea-level rise
and ultimately reduce them. The quantitative comparison of ice shelf-specific melt
sensitivities and derivatives thereof, based on five dedicated melt models, can function
as a starting point to address this issue.”



Figures 1 & 2: | think it would be helpful if you could add a coastline, or some
shading to either the ocean or land, to help orient and delineate the ice shelves in
the “puzzle” subplots.

Thank you for pointing this out.

We now added fading contours for the grounding line and calving front in Fig. 1 and Fig.
2.



