Review 1 (reviewer comments in italic)

This is a very nice piece of work!

The authors present some important methodological advances. The use of the adjoint method
to calculate the grounding-line flux is very nice, and of course far better than the approach used
in Reese et al (full disclosure, | was one of the authors of the paper, and it should have been my
job to implement the adjoint approach myself for that work, but | was too busy with other things.
..So I'm very glad that someone has now done what | myself should have done some time

ago.)

We appreciate the general endorsement of the work and the helpful suggestions below, which
we have used to clarify and improve the paper.

I like the three research questions and | think the authors provide very satisfying answers to all
of them in the paper. | wonder if the research question (1) could not be formulated a bit better?
Maybe: How do changes in ice-flux across grounding line relate to estimates of ice-shelf
buttressing evaluated at locations within the ice-shelf?

Thanks for the suggestion. We have changed the initial version of this question “Do local
evaluations of ice shelf buttressing reflect how local perturbations in ice shelf thickness impact
grounding line flux?” to “How do changes in ice-flux across the grounding line relate to local
estimates of ice-shelf buttressing evaluated on the ice-shelf?”

Must confess that | have never myself fully understood the usefulness of quantifying buttressing
at some location within an ice shelf. What makes sense to me is to quantify the grounding-line
buttressing provided by an ice shelf, and the changes in GL buttressing and GL ice flux as a
function of thickness-perturbation across the ice shelf. | guess in some way the authors also
address this issue when they conclude that the buttressing at a given location within an ice shelf
depend critically on the normal direction chosen. (Possibly it might be better just to look at, in a
general sense, how stresses within an ice shelf differ from the unconfined case, but again this
will depend on the particular question being addressed.)

The authors investigate the possibly that perturbations in ground-line flux due to local changes
in ice-shelf thickness, are linearly related to ice-shelf buttressing values calculated at those
same locations within the ice shelf. This is an important point that needs to be investigated, and
I guess it could be argued that Fuerst et al implicitly assumed this to be the case. (As mentioned
above, | personally have never understood why one would expect there to be a simple
correlation between these two quantities, except possibly in some general qualitative sense.)
But this has been implicitly assumed in some previous work, and the authors are the first ones
to actually look into this in any detail. They provide a detailed but arguably also a too long and
somewhat confusing answer, but essentially | think they conclude that there is not simple
relationship between these two. If | have correctly understood their conclusion, | would
recommend stating more clearly this key finding and basically just write that there is no



theoretical reason to expect GLF to scale in a simple way with buttressing numbers evaluated at
a given location within the ice shelf, and that the numerical experiments show that no such
simple relationship exists for the cases considered.

As suggested by the reviewer, throughout the revised manuscript we have attempted to (1)
clarify that this is one of our primary conclusions, (2) more clearly tie together the various
sections of the paper that need to be understood to support this conclusion, and (3) justify this
conclusion based on the results and discussion presented in the paper.

I had some difficulties following the discussion in 4.3.2. Not sure if this is really relevant, but a
reduction in ice thickness change at any location within an ice shelf will generally have two
opposing effects on ice-shelf flow: 1) the spreading rate goes down and with it the speed further
downstream 2) buttressing (as measured along the grounding lines upstream) will generally
decrease and therefore speed increase. So there are two exactly opposing effects involved.
Usually, reduction in ice-shelf thickness leads to an increase speed close to the grounding line,
and decrease further downstream (provided the ice-shelf is long enough for the integrated effect
of ice-shelf thinning to outweigh the effect on increased GL speed.)

The manuscript is still in a bit rough state. In fact, | find it to be in an unusually rough state
compared to a typical TC submission. There are number of footnotes, and these seem to be
mostly some comments aimed at the authors themselves.

This needs to be sorted out and the presentation of the material needs to be sharpened up a bit
(what are ‘distal changes’?).

We have largely rewritten all of section 4.3 and attempted to clarify the main points therein and
better connect them to the preceding and following sections, in order to better support the main
findings of the paper. We also have removed most of the footnotes, either deleting them or
incorporating them directly into the main text.

The figures are also some of rather poor quality. | guess most TC readers will know where the
Larsen C is, but it might nevertheless be good to have some map showing the location of
Larsen C.

A location figure for Larsen C has been added to Figure 1. We have also added several other
new figures (mainly to the Sl, in response to other reviewers). In general, the majority of figures
and their captions have been updated and improved.

It’s a bit unusual to use curly brackets around a tensor as done in Eq, (11).

The brackets in Eqg. (11) have been changed to parentheses.



I missed an exact definition of the grounding-line flux and the GLF used in the adjoint method. Is
it a line integral over all the grounding lines?

The reviewer is correct. We have added a new section up front (2.1.1) to clarify how the
grounding line flux is calculated (along with additional discussion relating to the adjoint approach
in Appendix C).

How is the grounding-line defined at a local element level? Do you use the edges of the
grounded elements, or do you cut through elements based on the flotation/grounding mask? If
S0, how do you interpolate velocities and ice thickness from the nodal points?

The location of the grounding line in the model is defined at sub-grid resolution (i.e., “cut
through”) using a floating vs. grounded mask. Velocities and thickness are discretized as nodal
finite element fields and are evaluated on the grounding line. This is now explained in detail in
the new section 2.1.1.

Line 193-194: Not sure if | actually showed this. At least | don’t think | used the concept of
‘group velocity’ in this context.

We have removed this discussion in the updated version of the manuscript so this is no longer
relevant.

| would generally have recommended a minor revision to such an excellent work. But the
presentation is still too poor, and for that reason | suggest a revision following a re-review.

The manuscript has been significantly revised since the initial submission and we believe that all
of the reviewers concerns are adequately addressed.



Review 2 (reviewer comments in italic)

In this study, Zhang et al. present a detailed and thorough analysis of the relation between local
ice-shelf buttressing numbers, how they are affected by local perturbations and how they relate
to the flux response at the grounding line induced by such a local perturbation. They find that
correlations between the flux response (see Reese et al., 2018) and the local buttressing
numbers (see Fiirst et al., 2016) can be found in very specific cases, but break down for more
complicated geometries and when considering regions close to the grounding line. In a second
step, they show how the adjoint method could be used to assess the sensitivity of grounding line
flux to local perturbations which is shown to be consistent with the computationally more intense
perturbation approach (except at the grounding line).

This study presents very interesting results that will help to advance the understanding of
ice-shelf buttressing significantly. However, | think that some points should be addressed before
it could be published.

We thank the reviewer for all of the helpful comments below.

Major comments

Your manuscript would be much easier to read if the central questions and related main findings
of your paper were formulated more clearly. This shows for example in your abstract, where you
state that you search for causal connections between sub-shelf melting, buttressing and
grounding line flux. However, there is no clear answer to that, you rather switch to presenting an
alterative method to calculate the grounding line flux sensitivity in the second part of the
abstract. This is also reflected, for example, in the formulation of the research questions on
page 2, line 47-52.

We have modified the abstract to remove the focus on understanding the causal connections
between melt perturbations, buttressing, and grounding line flux. The research questions in the
introduction have also been slightly modified (also in response to reviewer no. 1). As discussed
further below, we have also significantly updated and improved the content and writing relative
to our initial submission.

Section: 4.5: You state that the differences between the adjoint approach and the perturbation
approach near the grounding line arise from ‘nonlinearities’ - more clarification is required at this
point. In particular, Figures 13 and 14 show that the adjoint-sensitivites are negative along the
grounding line, while Figure 15 indicates in general positive sensitivities in the perturbation
approach. | think that the treatment of the grounding line in the sensitivity assessment could be
key in explaining these differences.

We interpret the large nonlinearities close to the grounding line as a consequence of 1)
relatively large thickness gradients and the rapid transition from vertical-shear-dominated to



membrane-stress-dominated flow close to the grounding line, and 2) the changes of grounding
line position and local geometry due to the change of thickness in the cells adjacent to the
grounding line. This is now more clearly stated in the manuscript.

In terms of the difference between Figs. 13, 14 versus Fig. 15 (11, 12, and 13 in the revised
version), the analysis in current Fig. 13 focuses on a small fraction of the total number of
perturbation points -- those near the grounding line -- whereas current Figs. 11, 12 include those
same points plus many more points (all in the case of MISMIP+) on the ice shelf proper. Thus,
there are relatively more negative values obvious in current Fig. 13.

So please explain (1) how you specify the grounding line position in your experiments / model
and how grounding line flux is calculated (can the grounding line move in your perturbation
experiments?),

We have added a new section, 2.1.1, in which we detail the computation of the GL and the GLF.
We also note that a perturbation to the ice thickness at a (triangular) grid cell intersecting the GL
will affect both the GL position and length (because the thickness affects the flotation condition,
which in turn can affect the position of the GL).

(2) if these differences arise only for cells directly adjacent to the grounding line, and

We observe negative sensitivities only for cells intersecting the grounding line. This can also
happen for the perturbation-based sensitivity approach, as shown in Figure 2a (for the Larsen C
case, the perturbation points are randomly chosen and we are not reporting results for all of the
points at the grounding line). Differences between the adjoint-based and the perturbation-based
sensitivities are more pronounced near the grounding line and become smaller far from the
grounding line, as shown in revised Figure 13 of the paper.

(3) how this is reflected in the adjoint method. In addition, issues might arise due to the
discretization. Perturbations in the ice shelf should theoretically not be able to change the ice
thickness at the grounding line or the surface slope upstream, but they do so in numerical
models, so it could be argued that including these regions is anyway problematic

The reviewer is correct that perturbations on the ice shelf proper do not change the thickness or
slope of the ice at the grounding line while they do in the case where a grid cell being perturbed
also intersects with the grounding line (as now explained more carefully in section 2.1.1). For
this reason we argue that one should refrain from including cells that intersect the grounding line
when performing similar sensitivity analysis (when using either the adjoint- or perturbation-
based approach). Further, one should also refine the mesh near the GL to get more accurate
sensitivities near the GL. This is now stressed more clearly in section 4.5.



The adjoint method also accounts for possible changes in the GL position/length due to
(infinitesimal) changes in the ice thickness at triangular grid cells intersecting the GL. This is
now explained in more detail in (new) section 2.1.2 and Appendix C after equation C1.

We further note that, in the numerical model, the thickness on the ice shelf and along the
grounding line does not change prognostically.

Title: In the manuscript you are not so much analysing the sensitivity of grounding line flux to
perturbations itself, but you are rather (1) trying to relate the concept of buttressing numbers to
the concept of locally-induced grounding line flux changes and (2) showing that the adjoint
method is consistent with the perturbation approach. So | would suggest to reformulate your title
to reflect the content better, maybe something in the direction of ‘On the complicated relation
between local ice-shelf buttressing and induced grounding line flux changes’, ‘Are there causal
connections between local ice-shelf buttressing and locally-induced grounding line flux
changes?’ or ‘Adjoint-based sensitivity of grounding line flux to sub-shelf melting...’

We appreciate the reviewer's suggestion. However, we have decided to keep the original title as
we feel that it clearly encompasses and describes our efforts and the main focus of the paper.

page 1, line 7: I'm not sure if this is the correct argument to debunk a correlation between
grounding line flux changes and local buttressing numbers. If the ice shelf is locally perturbed
and buttressing at the grounding line is reduced, this speeds up ice flow at the grounding line up
to the perturbation location. However, the perturbation will reduce the spreading rate and hence
tends to reduce velocities at and downstream of the perturbation location. This shows in your
figure 7 where velocities increase up to the perturbation location and decrease downstream of it
which is then reflected in a local reduction in longitudinal stresses. This is then interpreted as an
increase in the local buttressing number based on, e.g., the flow direction. From this point of
view, a reduction in buttressing at the grounding line can consistently be related to an increase
in the local buttressing number. Your point here is supported by the fact that you cannot find
correlations once you include regions close to the grounding line or you analyse Larsen C. Don'’t
get me wrong, | think that it is a very important point to make that local perturbations increase
locally measured buttressing numbers, as | do not think that many people are aware of that (I
was not).

In general, the reviewer seems to be largely agreeing with the interpretation and conclusions we
present in our paper. That is, that a local increase in buttressing number following perturbations
is paradoxical with respect to the overall decrease in buttressing experienced by the broader ice
shelf (leading to an increase in ice flux across the grounding line). Further, as we discuss in
more detail in our revised manuscript (specifically, in sections 4.3.1 and 4.3.2), the local (at the
perturbation location) change in buttressing is not always consistent and is often in opposition to
the broader response immediately neighboring it. The reviewer may be proposing that the
increase in buttressing number in the local area around a perturbation is a consistent diagnostic
that could be used as a proxy for overall increases in grounding line flux. While this may be the



case for specific domains and perturbations, we are not comfortable making such a general
statement here based on the analysis conducted.

page 1, line 20 and other: please check your references, e.g., Schoof (2012) does not use
idealized modelling and Asay-Davis et al. (2016) do not include experiments showing MISI, also
Royston and Gudmundsson (2016) analyse diagnostic responses to ice-shelf collapse.

We have changed the Schoof (2012) reference to the more appropriate Schoof (2007)
reference. The Asay-Davis et al. (2016) reference was meant to be a placeholder for the
MISMIP+ paper (which at the time of this submission, had not yet been submitted). We have
updated it to the correct reference for the MISMIP+ experiments (Cornford et al. 2020).

page 2, line 43: ‘diagnostic, forward experiments’

Changed.

page 4, line 86: you could add a subsection ‘Initial configuration’ here to improve readability.
Changed as suggested. A new “Model configuration” subsection (2.2) has been added.

page 5, line 120: You need to multiply Nrp with a time interval (e.g., one year if your flux is given
in units per year) to get a dimensionless number.

In Reese et al. (2018), it is implicit that the time period of interest is one year (according to
personal communications). Therefore, P should have units of m®, which are the same units as
R. We have explicitly stated that the units of R and P are both in m? (in which case their ratio is
non-dimensional).

page 5, line 120: Do you exclude changes in grounding lines of ice rises in the Larsen C
domain?

For the Larsen C domain, the grounding lines around ice rises are treated in the same way as
the “primary” grounding line. Therefore, the cells close to ice rises will also be removed when we
pick cells for analyzing based on the distance to the grounding line. We have added an explicit
statement about the treatment of ice rises to section 2.1.1.

page 5, line 121: you could add a subsection ‘Local buttressing number’ here to improve
readability.

Since this section is already fairly short, and to avoid breaking up the paper into too many short
sections, we’ve opted to keep the discussion of the local buttressing number in with the
discussion of the flux response number (and the perturbation experiments in general).



Figure 2: labels for the colorbars are missing and it would be easier to understand your
message if you added the normal directions in the panels (also in Figure 3 and others).

We have added colorbar titles and also labels for the choice of buttressing-number normal
direction to Figs. 2, 3 and 4.

page 7, line 156: Why 12km? Does the relation already improve if you remove only cells that are
directly linked to the grounding line?

We have substantially revised this portion of the paper because we discovered a new metric
that can be used for “removing” these areas from consideration (based largely on whether or not
the region is experiencing significant shear and/or close to the grounding line). This is discussed
in the update section 4.1 (and new Figure S2).

Figure 4: Please add p-values for your correlation statistics.

The p values, relative to the null hypothesis that N, is independent of N, are 1.23e-59 for n ,,
1.57e-09 for n , and 5.20e-31 for n,,,. However, we think that it would be misleading to report
these exceedingly small p-values in the paper. Here, we are trying to assess whether N, and
N, are linearly related and for this reason we are using linear regression to compute the fitting
line and the correlation coefficient, to quantify the discrepancy from that line. We are not
interested in ascribing a statistical interpretation to this line fit (which would then need to be
explained / defended). For these reasons, we argue against including p-values in the paper.

page 8, line 174, isn’t this a contradiction to your statement in p7., line 58?

We have changed Line 158 (now Line 198; end of section 4.2) to “... we find that buttressing in
this direction is not useful for predicting changes in GLF; compared to N,(n_,), N,(n ;) and N,(n;)
both show a better correlation with changes in GLF via local, sub-ice shelf melt perturbations.”,
for consistency with old line 174.

page 11, line 195, maybe better state that the thickness gradients magnitude increases /
decreases, since this is the relevant quantity to drive ice flow.

Because the change in thickness gradient magnitude doesn’t allow for any information
regarding how the change in ice thickness impacts the direction of the ice flow, we prefer to
keep the wording here as is. This is important because with no information regarding the sign of
the gradient change, it's not immediately obvious if the change in thickness gradient should lead
to an increase or a decrease in the local ice velocity.

page 11, line 204: | do not understand your sentence in brackets, please clarify.

This section has been completely re-written.



Figure 8: why do you analyse buttressing changes in neighboring cells and not in the cell itself?
This should not make a difference, given Fig. 7 etc, or do | miss some argument here?

In 4.3.1 and 4.3.2 we now discuss in detail the buttressing changes both at the perturbation
location and in the immediately surrounding neighborhood.

page 12, line 218: you could add that this negative correlation is in line with the general
understanding of how buttressing reduction affects ice flow.

We have revised this sentence to state this more explicitly (around line 266 in the revised
manuscript).

Section 4.3.2.: when calculating buttressing at the grounding line, you have an additional
direction that emerges naturally, which is the grounding line normal as used in Gudmundsson
(2013). In fact, since the boundary condition at the calving front is formulated in terms of the
calving front normal, this is the only direction that guarantees that you get a value of 1 if and
only if you do not have any buttressing at the corresponding grounding line location. It is worth
checking, how using that normal affects your findings.

We have updated this figure and the discussion around it, including (as suggested) the addition
of a subplot showing the value of Eq. 14 when changes in buttressing are calculated in the
direction normal to the grounding line (of Fig. 8a).

page 13, line 235: | do not understand your statement here as there is a difference between the
first principal component along the grounding line and within the ice shelf?

This statement has been removed.

page 14, line 245: you state that you test experiments with and without perturbing elements that
are crossed by the grounding line, but you never refer to these experiments again.

This section has been entirely revised. Updated versions of the figures (and the related
discussion) from the original version are now included in the SI. With respect to this comment,
we do not include cells that cross the grounding line but rather grid cells that are close to the
grounding line but still on the ice shelf. These experiments are discussed in more detail in the
following two paragraphs. Note that we have also edited this sentence to try to clarify its
meaning.

page 15, line 266: It might be worth checking the flow and normal directions as well (similar to
Figure S8 for the p1-direction).



The relevant figures are now all contained by Fig. S6 and the related discussion is also in the
Sl. Note that in those figures, we show correlations for all directions (i.e., 180 degrees around
the p1 direction).

page 17, line 300: | suppose that you repeat the perturbations for the different thicknesses?

Correct. The experiments are repeated with different sized thickness perturbations. For clarity,
we've added "the only change being the magnitude of the applied perturbation" in Line 329.

page 17, line 314: you refer here to the other methods discussed in the previous sections, i.e.,
the local buttressing numbers etc?

Correct. We've added a clarifying statement “Two previous approaches for assessing GLF
sensitivity to changes in ice shelf buttressing — the flux response number (Nrp)and the
buttressing number (Nb)...” to this effect (line 357).



Review 3 (reviewer comments in italic)

Summary

In this manuscript, the author employ a new state-of-the-art ice-flow model and assess the utility
of various buttressing metrics for inferring grounding line response to distant ice-shelf thinning.
For this purpose, they reconcile two former studies that introduce metrics for the local ice-shelf
buttressing and the integrated flux response along the grounding line (GL). For local thinning
perturbations, the authors show that for relevant parts of an ice shelf (away from the GL and
unconfined parts of the ice-shelf), there is a positive correlation between the two metrics.
Highest values are found when the buttressing metrics is computed along the first principal
stress direction (p1). Yet, buttressing values increase in the vicinity of the thinning perturbations,
which seems counter-intuitive with respect to the concurrent increase in the grounding line flux
(GLF). This finding makes changes in ice-shelf buttressing utterly difficult to interpret. In a final
step, an adjoint-based GLF sensitivity is computed, which shows comparability to results from a
large ensemble of forward evaluations. This sensitivity measure has the potential to be very
useful in delineating ice-shelf areas relevant for restraining present outlet-glacier discharge.

In order to avoid possible misunderstandings, we point out that we do not conduct any forward
model (i.e., prognostic) evaluations here. All experiments are strictly diagnostic in nature. We
have stated this clearly in the revised manuscript.

I gladly admit that | was very excited about this study because the authors present a
computationally efficient adjoint-based method to compute GLF sensitivities that gives identical
results as a cumbersome diagnostic perturbation ensemble. Initially, they also convinced me
about the limited utility of changes in the buttressing index. Yet after plunging into the review, |
strongly contest this judgment because the underlying analysis seems somewhat biased (see
below) and | urge the authors to moderate their assessment. The authors themselves show that
the buttressing index along the p1-direction is actually very informative in terms of GLF
sensitivity. This is a very important conclusion, which will be appreciated by modellers that
cannot compute this adjoint-based sensitivity. Moreover, | have identified a potential error in the
index calculation, which might have severe implications.

We were also initially similarly excited by the possibility of a computationally inexpensive and
easily calculated metric for use in assessing the impact of local ice shelf thickness changes on
changes in grounding line flux (i.e., a way to obtain the information from the Reese et al.
calculations but with less effort). Indeed, this was an initial goal of our research, along with
providing some physical basis for better understanding and justifying the apparent correlations
between local measures of ice shelf buttressing and changes in grounding line flux.

In the end, however, we concluded that we cannot in good faith make a recommendation for
using these apparent correlations. First, we’ve found it difficult to provide a clear explanation for
their existence (i.e., the physical mechanisms connecting them). Second, we’ve found and



demonstrated clear contradictions between changes in buttressing on the shelf, in the vicinity of
perturbations, and changes in integrated buttressing and grounding line flux, which are contrary
to our understanding for how ice shelf buttressing works. Most important, however, is that even
for simple or idealized ice shelf geometries, numerous data points near the grounding line -- the
region that is most sensitive to perturbations -- must be removed for strong correlations to
emerge. For a realistic ice shelf, only a small number of points near the center of the ice shelf
remain useful at demonstrating the correlation. Lastly, as we show in a newly added
Supplemental Table, there are many other physical quantities that correlate with changes in
grounding line flux, some of which may simply be fortuitous or spurious (and, as with the
buttressing number, we find that these same correlations become much weaker and less
convincing when applied to realistic domains). Thus, while we appreciate the reviewer’s
comments, we argue that it is not within the goals or scope of the current work to come up with
additional reasons to further justify the application of these easy-to-calculate metrics.

The potential error the reviewer alludes to is the swap of panels b and d in Figure 2. This is,
however, an isolated mistake with no implications regarding the analysis conducted in the rest
of the paper (as noted further below).

In summary, | remain very positive about this manuscript and | recommend that the editor
should continue to consider it for publication in The Cryosphere after my concerns have been
alleviated. This will require a major revision during which a fundamental change in the
manuscript structure might be necessary.

We appreciate the reviewer’s careful attention to our manuscript and, as detailed below,
address as many of their concerns as we can without changing the fundamental interpretation of
our results. We also note that many sections of the paper have been significantly revised
relative to the initial submission, including additional analysis, arguments, and changes in
presentation.



Erroneous calculation: From a vertically integrated perspective, the normal stress Tnn which is
computed in the various directions should be maximal and minimal for the first (p1) and second
(p2) principal stress directions, respectively. This implies that the buttressing is minimal in p1
and maximal in p2 direction (you show this nicely in Figure S1 yourself). In Figure 2, you show
the buttressing values for the MISMIP+ setup in various directions. While the p2-values appear
maximal, the p1 values seem larger than the values computed in flow direction. This cannot be
correct. | suspect that you confused panels b) and c). If not, this comment might have severe
implications. Please verify.

We appreciate the reviewer’s pointing this out. The panel swap mentioned in Fig. 2 was
definitely a mistake, which we have now corrected. The related buttressing number calculations,
however, were / are correct and unaffected by this. Consequently, the mistake in this figure was
isolated and did not / does not propagate to any of the discussion or conclusions in the rest of
the paper.

Inconsistent and biased analysis: | certainly appreciate how carefully you have structured the
analysis in this manuscript. You clearly state a correlation between the GLF response and the
buttressing index in dynamically relevant areas (cf., Sect. 4.2, Fig.4). Thereafter, you show that
buttressing changes in the vicinity of the thinning perturbations exhibit a counterintuitive
behaviour which is difficult to interpret. Yet, this difficulty seems to have entirely undermined
your confidence in the interpretability of this measure. In the abstract, you even condemn the
correlation between the GLF and the local buttressing measures as remaining [...] elusive from
a physical perspective’.

This judgment is evoked throughout your manuscript and | somehow feel that | have to
take up the cudgels for this metric. First, you show yourself that there can be good correlation
(Figs. 4,5,11b). The more | tried to understand the details of your analysis, | have more and
more doubts about its robustness. First doubts arose when | read through Sect. 4.3.1. You start
by discussing non-local speed-up in the vicinity of the perturbed area (but excluding the centre).
Thereafter, you focus on the local-scale buttressing changes within the perturbed area. This
seemed inconsistent and this choice biases and discredits the buttressing change measure.

As noted above, we do eventually conclude that the correlation between local buttressing
number and grounding line flux should not be applied in a ‘predictive’ sense (i.e., to diagnose
the difficulty to calculate GLF sensitivity via the much simpler to calculate (local) buttressing
number. Our analysis in section 4.3, which has been significantly revised and updated (including
updated analysis and discussion of perturbations and the resulting changes that occur at the
location of perturbations) is consistent with these conclusions. Throughout our revised section
4.3, we have attempted to clarify and emphasize the fundamental inconsistencies we find
between the impacts of (1) local (at the grid cell) perturbations on various physical quantities,
including the buttressing number, versus (2) changes in areas neighboring the immediate
perturbation, versus (3) domain-integrated changes in buttressing and ice flux at the grounding
line, and to more clearly tie the findings from this section of the paper to the broader discussion



and conclusions. In general, we show that, on the ice shelf, changes in buttressing at and
immediately neighboring to perturbation locations are generally not consistent with our broader
understanding for how buttressing works and also not consistent with the changes observed by
the integrated ice shelf / ice sheet system explored here (i.e., local perturbations (reductions) in
ice shelf thickness reduce overall ice shelf buttressing, which in turn increases overall ice flux
across the grounding line).

Initially, | was willing to accept this judgment but then | realised that the same counter-intuitive
response is seen in the principal strain-rate components (Fig.7e and f). These also indicate
compression within the perturbed area (and slightly beyond). Consequently, you also need to
dismiss the usefulness of this measure. This is too much of a stretch for me. | simply think that
your analysis should consistently avoid areas close to the perturbations. To substantiate my
view, | want to briefly explain the 1st principal buttressing or strain-rate changes in Fig7 e and g.
After the perturbation, you clearly get less buttressing and increased extension upstream and
downstream (in-flow direction) of the affected area. Sideways, but still along the 1st principal
direction, these effects result in increased buttressing and compression (similar to a bottleneck
effect). This explanation seems reasonable. | therefore strongly urge you to moderate and
adjust your assessment of the buttressing metric, accordingly

This is a difficult argument to follow because, by nature, the buttressing number calculations are
local in nature. It's hard to support their use on the basis of physical arguments if one cannot
understand and connect local changes in buttressing to the broader changes in buttressing that
control overall flux across the grounding line. Nevertheless, we go through a detailed analysis in
our revised section 4.3 (and related Fig. 6) where we attempt to connect the local and
neighboring impacts of perturbations on the shelf (including their impacts on buttressing
number) to the broader changes in buttressing experienced by the entire ice shelf and their
impacts on grounding line flux. While we can provide a fairly detailed narrative for what happens
when a perturbation is applied to the ice shelf, we still lack a convincing physical understanding
for why it happens. That is, why should the grounding link flux sensitivity -- an integrated
quantity -- be correlated or adequately characterised by a locally calculated buttressing number
on the ice shelf? We cannot confidently answer that question here, which gives us great
hesitation in blindly applying these correlations. Moreover, our findings that many other easily
derived physical quantities (some trivial, e.g. ice thickness) also correlate well with grounding
line flux suggest that there may be no direct physical connection between these two quantities
that would support their broader use (the correlations could be spurious or fortuitous, as
discussed in newly added parts of Section 4.3.4 and discussion and Table S1 in the
Supplementary Material). Regardless, we clearly show that these same correlations become
weak and unconvincing when applied to realistic ice shelf domains. We would be happy for
someone else to carry on with trying to further understand and justify the use of local buttressing
numbers as part of ongoing work, but that is not the goal of our paper. The reviewer is
suggesting that we come up with a better definition for, calculation of, and understanding of a
buttressing number that takes non-local factors into account. This is a laudable goal, but again,
is well outside the stated aims and scope of this paper.



A main motivation for why | raise this point is that many ice-flow models are not capable of an

adjoint-based evaluation. It would therefore be constructive, if you could give some advice on

how to best evaluate the local buttressing metric wrt. the GLF sensitivity. You nicely show that
there is a correlation.

We fully appreciate this and, as stated above, it was a primary motivation when we initially
undertook this study. Unfortunately, we cannot advocate further for the application of this
method for the reasons argued above.

Your strategy to introduce a buffer zone around the grounding line is valuable (it is anyhow clear
that these regions are important for the GLF sensitivity). From Fig.4, | think that areas with
negative buttressing values should also be excluded (gives more flexibility than prescribed
masking). So you could give some advise on how this metric can still be useful.

We have updated and improved the discussion of the necessary “buffer zone” in the revised
manuscript. Specifically, we now introduce a more quantitative way of calculating this buffer
zone based on the ratio of shear to normal stress (Section 4.1 and Fig. S2). Unfortunately, this
does nothing to address the fundamental problems of needing a buffer zone in the first place; 1)
this removes many of the most sensitive areas from consideration, and 2) when applied to
realistic ice shelves, one is limited to a small area of the ice shelf if strong correlations are of
interest.

Moreover, you should emphasise that if the interest is in the GLF sensitivity, the buttressing
metric should be computed in p1/flow direction as against Furst et al. (2016). This comment
further implies that you might want to reconsider the structure of the document: | suggest that
you start with the GLF sensitivity of Reese et al. (2018). Then you could show that the
adjoint-based approach gives equivalent results. Afterwards, you might want to assess the utility
of the buttressing metrics (advice, limitations, etc.) to explain the GFL sensitivity

Indeed, we do clearly argue that buttressing calculated in the p1 and ice flow directions are
better for quantifying the GLF sensitivity than the p2 direction, at least for the case where strong
correlations are observed. We have not, however, opted to restructure our manuscript as
suggested because our current conclusions and recommendations are better supported by the
current organization and narrative.

Minimum and maximum speed increase

It took me a while to get my head around the retrieval of the direction of the minimal and
maximal speed increase (L182ff). Although | am very impressed by the distinct peaks in the
resultant distribution (Fig.6b), | wonder about its utility in this study. After its presentation, this
measure is briefly compared to Gudmundson (2003) and shortly re-raised for the Larsen C



setup. It is not discussed nor mentioned in the conclusions. | therefore urge you to re-consider
its utility

This section and the related figures have been removed from the revised version of the paper.

1. Please reduce the overall amount of footnotes. Sometimes they keep valuable extra
information, which should appear in the text.

We have significantly reduced the number of footnotes by including most of the relevant
material in the primary text.

2. Please introduce a figure of GLF response Nrp and the buttressing values (p1,p2, flow) for
Larsen C. It might help you to delineate the area in which the GLF response and buttressing
values are correlated.

This has been added as a third column of panels to a new figure that combines several figures
from the original version of the manuscript. This information can now be found in Fig. S6 in the

Sl.

L29 The term ‘longitudinal stresses’ seem to be too narrow here. | would rather speak of
‘membrane stresses’ following Hindmarsh (2006).

Thanks for this suggestion. We have updated the manuscript accordingly.
L42 Delete ‘of ice’

Done.

L60 Insert comma after parenthesis.

Corrected.

L115 This sentence is not true. You do not show the response on the southern/botton part of the
MISMIP+ setup.

What is meant here is that we do analyze the response to perturbations over the entire model
domain but we don’t conduct perturbation experiments over the entire domain. This is because
the response will be symmetric about the centerline. For example, the response of the change
in GLF to a perturbation at (x,y)=(480 km, 50 km) will be the same as to a perturbation at
(x,¥)=(480 km,30 km), just mirrored about the ice stream / shelf centerline.

L118 As in the original study by Reese et al. (2018), | do not understand the meaning of P. You
say it is the local mass change associated with the perturbation. So it should be rather constant



(despite element size variations on Larsen C). Units should be m 3. The GL flux change R is
however in units of m 3 /yr. | do not understand how Nrp can then be dimensionless. | think that
I misunderstood the meaning of P. Please explain in more detail.

We have added more information to this section of the paper to clarify the units on both R and
P. In Reese et al. (2018), it is implicit that the time period of interest is one year (according to
personal communications). Therefore, P should have units of m®, which are the same units as
R. We have explicitly stated that the units of R and P are both in m? (in which case their ratio is
non-dimensional).

L169 You must have noticed the dip in the correlation with the p1-buttressing (Fig. 5a). So the
best correlation occurs at +25° . With respect to the flow direction, the optimal correlation is
~100- turned (counterclockwise, Fig. 5b). Your statement in this line does note entirely hold.

We maintain that this statement is correct: if we move the curve in Fig. 5b to the right by around
50 degrees, the point with the best correlation in Fig. 5b moves to 150 deg, similar to the local
maximum in Fig. 5a. The point with the second best correlation in Fig. 5b is shifted to ~210 deg,
i.e., 30 deg, corresponding to the second local maximum in Fig 5a.

L173 You envoke the notion of an overall best buttressing metric. | do not think that this exists
as such. It will depend on the spatial focus which can be the GL, central areas of the ice shelf or
the calving front. Please remove this notion of a best metric.

The notion of a “best” metric is not ours but comes from the previous work of Furst et al. (2016).
We state this clearly in our paper. We’re not supporting its use or definition here. To avoid
confusion, we have changed “best” to “good” in this sentence

L194-L207 Prior to this section, you focus on the speed-up signal ‘among neighbouring cells’
(L182-L194). In this section, you then discuss buttressing changes within the perturbed areas.
This seems inconsistent. From Fig. 7g and h, | think you can extract a meaningful, aggregated
index for buttressing changes excluding the perturbation centre. Upstream of the perturbation
(in flow or p1 direction), the buttressing decreases with highest decrease close to the perturbed
area. This inconsistent treatment therefore seems deliberate and strongly biases your
interpretation. This bias leads to harsh judgments of the buttressing metric in the subsequent
two sections, which are, in my opinion, note well justified. Please stay more objective. You also
show the strain rates fields in the principal direction which also show overall compression within
the perturbed zones. You do no discredit the usefulness of these values either.

We have updated the analysis and discussion in this entire section, including a focus on the
impacts of perturbations exactly at the grid cells where perturbations are applied. As noted
above, we agree that one can conduct a careful analysis of a single perturbation in order to
understand how, overall, that perturbation leads to the broader changes in buttressing that are
expressed as changes in GLF. However, we still lack a detailed understanding for how this



cause-and-effect is physically connected to the concept of a locally calculated buttressing
number. We also show (in a new section in the Sl) that similarly strong correlations exist
between GLF and other physical quantities, some of which are unrelated to buttressing or
buttressing number. This, and more importantly, the lack of strong correlations when exploring
realistic ice shelf domains leads us to abandon further investigation of the utility of this method
as a proxy for understanding GLF sensitivity.

L225-L238 This paragraph judges the results and it is therefore better located in the discussion
conclusion. | also sense some redundancy.

This section (4.3.3), which has been significantly revised, is a necessary summary of our
findings from the detailed analysis conducted in the sections immediately above it. Further, it is
a necessary transition from discussion of the idealized MISMIP+ test case domain to the more
realistic Larsen C domain.

L273-L289 This paragraph presents methodology so it should appear earlier (not as a
sub-section of the Results).

While this change would make our paper more closely follow the strict formatting of a standard
research paper (e.g., introduction, methods, results, conclusions) we think that the overall
readability would suffer as a result. Further, a number of other reviewer comments indicate that
the paper and interpretation would be easier to follow if this strict partitioning is avoided.
Therefore, we opt to keep the formatting of these sections as they currently are.

Fig.1 Poor figure quality. Missing overview figure for localisation of Larsen C. What did you do
about Bawden Ice Rise? Could you also show the observed velocity magnitude on Larsen C.
Please indicate in the figure that the velocities you show, present the state after the relaxation
(you only mention this in the text L105).

The location of Larsen C has been added to the figure. We have also added Figure S1 (to the
Supplementary Material) showing the comparison between modeled and observed ice surface
speeds on Larsen C. With respect to Bawden Ice Rise, we have looked into this in some detail
and it appears that it is a small feature that does not show up in our domain due to our initial
data interpolation onto a mesh with a minimum resolution of approximately the same size as this
feature. We thank the reviewer for pointing this out, as it is something we will pay closer
attention to including in future meshes.

Fig.2 In the caption you speak about ‘perturbation points’. The perturbation does not affect a
single point but an entire patch.

We now refer to these as “perturbed grid cells” instead of “perturbation points”.

I would use different colours for the response number and buttressing metrics.


https://www.the-cryosphere.net/9/1005/2015/tc-9-1005-2015.pdf
https://www.the-cryosphere.net/9/1005/2015/tc-9-1005-2015.pdf

While we tried out multiple colorbars for the different panels in Fig. 2 (panel a vs. panels b, c,
and d), we ultimately decided to keep them the same. This is primarily because it is then much
easier to compare the spatial pattern of the GLF response number with the spatial patterns of
the buttressing numbers in different directions (i.e., making a qualitative comparison by
“eyeball”).

Why do you get negative response numbers for perturbations next to the grounding line?

We observe negative adjoint sensitivities only for cells intersecting the grounding line. For those
cells, changes in thickness directly affect the grounding line position/length and the thickness
over the GL, which could lead to negative responses. We have added a note to the Fig. 2
caption on the topic of negative response number. This topic is also discussed in the 4th
paragraph of Section 4.5 (starting around line 331).

Figs.11&12 | would try to merge these figures. Panels (a) can be placed as an inset into panels

(b).

As suggested, we have merged Figs. 11 and 12. They have also been moved into the SM
(currently as Fig. S6).
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Abstract. W
erounding-lineflux—Using a numerical ice flow model, we study changes in ice shelf buttressing and grounding line flux due

to localized ice thickness perturbations—, a proxy for localized changes in sub-ice shelf melting—, From our experiments,
applied to idealized (MISMIP+) and realistic (Larsen C) domains—From—ourexperimentsice shelf domains, we identify a
correlation between a locally derived buttressing number on the ice shelf, based on the first principal stress, and changes in

the integrated grounding line flux. The origin of this correlation, however, remains elusive from a-physieal-perspective;-while

ie-the perspective of

a theoretical or physically-based understanding. This and the fact the correlation is generally much poorer when applied to
realistic ice shelf domains motivates us to seek an alternative approach;-. We therefore propose an adjoint-based method for

calculating the sensitivity of the integrated grounding line flux to local changes in ice shelf geometry. We show that the adjoint-
based sensitivity is identical to that deduced from pointwise, diagnostic model perturbation experiments. Based on its much
wider applicability and the significant computational savings, we propose that the adjoint-based method is ideally suited for

assessing grounding line flux sensitivity to changes in sub-ice shelf melting.

1 Introduction

Marine ice sheets like that overlying West Antarctica (and to a lesser extent, portions of East Antarctica) are grounded below sea
level and their bedrock would remain so even after full isostatic rebound (Bamber et al., 2009). This and the fact that ice sheets
generally thicken inland leads to a geometric configuration prone to instability; a small increase in flux at the grounding line
thins the ice there, leading to floatation, a retreat of the grounding line into deeper water, further increases in flux (due to still
thicker ice), and further thinning and grounding line retreat. This theoretical “marine ice sheet instability”” (MISI) mechanism

(Mercer, 1978; Schoof, 2007) is supported by idealized

realistic (e.g., Cornford et al., 2015; Royston and Gudmundsson, 2016) ice sheet modeling experiments, and some studies

(Joughin et al., 2014; Rignot et al., 2014) argue that such an instability is currently under way for outlet glaciers of Antarctica’s

(e.g., Schoof, 2007; Cornford et al., 202
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Amundsen Sea Embayment(ASE). The relevant perturbation for grounding line retreat in the ASE-Amundsen Sea Embayment
is thought to be intrusions of relatively warm, intermediate-depth ocean waters onto the continental shelves, which have re-
duced the thickness and extent of marginal ice shelves via increased sub-ice shelf melting (e.g., Jenkins et al., 2016). These
reductions are important because fringing ice shelves restrain the flux of ice across their grounding lines farther upstream — the
so-called “buttressing” effect of ice shelves (Gudmundsson et al., 2012; Gudmundsson, 2013; De Rydt et al., 2015) — which
makes them a critical control on the rate of ice flux frem-Amntaretiea-to-across Antarctic grounding lines into the ocean.

On ice shelves, the driving stress (from ice thickness gradients) is balanced by gradients in lengitudinal-stress-membrane
stresses (Hutter, 1983; Morland, 1987; Schoof, 2007)and-. For an ice shelf in one horizontal dimension (z,z)provides-, these
longitudinal stress gradients provide no buttressing (Schoof, 2007; Gudmundsson, 2013). For realistic, three-dimensional ice
shelves, however, buttressing results from three main sources: 1) along-flow compression, 2) lateral shear, and 3) “hoop” stress
(Wearing, 2016). Compressive and lateral shear stresses can provide resistance to extensional ice shelf flow through along-
and across-flow stress gradients. The less commonly discussed “hoop” stress is a transverse stress arising from azimuthal
extension in regions of diverging flow (Pegler and Worster, 2012; Wearing, 2016). Due to the complex geometries, kinematics,
and dynamics of real ice shelves, an understanding of the specific processes and locations that control ice shelf buttressing is
far from straightforward.

Several recent studies apply whole-Antarctic ice sheet models, optimized to present-day observations, towards improving
our understanding of how Antarctic ice shelves impact ice dynamics farther upstream or limit flux across the grounding line.
Fiirst et al. (2016) proposed a locally derived “buttressing number” (extended from Gudmundsson, 2013) for Antarctic ice
shelves and used it to guide the location of calving experiments whereby the removal of progressively larger portions of the
shelves near the calving front identified dynamically “passive” iee-shelf regions; removal of these regions (e.g., via calving)
was found to have little impact on ice shelf dynamics or the flux of ice from ice upstream to the calving front. Reese et al. (2018)
conducted a set of forward-model-diagnostic, forward-model, perturbation experiments to link small, localized decreases in ice
shelf thickness to changes in integrated grounding-tine-grounding line flux (GLF), thereby providing a map of GLF sensitivity
to local increases in sub-ice shelf melting.

Motivated by these studies, we build on and extend the methods and analysis of Fiirst et al. (2016) and Reese et al. (2018)

to address the following questions: (1)

shelthickness-impaet-groundingHine-flux' 2-How do changes in ice-flux across the grounding line relate to local estimates of
ice-shelf buttressing evaluated on the ice shelf? (2) What are the limitations of locally derived buttressing metrics when used

to assess GLF sensitivity? (3) Can new methods overcome these limitations? Our specific goal is to identify robust methods
for diagnosing where on an ice shelf changes in thickness (here, assumed to occur via increased sub-ice shelf melting) have a
significant impact on flux across the grounding line. Our broader goal is to contribute to the understanding of how increased
sub-ice shelf melting can be expected to impact the dynamics and stability of real ice sheets.

Below, we first provide a description of the ice sheet model used in our study and the model experiments performed. We

then analyze and discuss the experimental results in order to quantify hew-well-the correlation between easily evaluated, local
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Figure 1. (a) Plan view of surface speed for the MISMIP+ and (b) Larsen C Ice Shelf experimental domains. For the Larsen C domain,

velocities have been optimized to match observations from Rignot et al. (2011). Black curves indicate the location of the grounding line. The

location of Larsen C Ice Shelf is shown as the shaded area in the inset in b). A comparison of modeled and observed ice surface speed is

rovided in Fig. S1.

buttressing metrics eorrelate-with-and modeled changes in GLF. This leads us to propose and explore an alternative, adjoint-
60 based method for assessing GLF sensitivity to ice shelf thickness perturbations. We conclude with a summary discussion and

recommendations.
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2 ModeldeseriptionNumerical ice sheet model

2.1 Model description

We use the MPAS-Albany Land Ice model (MALI; Hoffman et al., 2018), which solves the three-dimensional, first-order
approximation to the Stokes momentum balance for ice flow. Using the notation of Perego et al. (2012) and Tezaur et al.

(2015a), this can be expressed as,

—V - (2ue€1) + pig% = 0,

- 0s ey
=V (2ucé2) +pigy, = O,

where x and y are the horizontal coordinate vectors in a Cartesian reference frame, s(x,y) is the ice surface elevation, p;

represents the ice density, g the acceleration due to gravity, and €; » are given by

T
€1 = ( 2654 +€yy7 émyy €xz ) ) 2
and

T

The “effective” ice viscosity, p. in Eq. (5(1), is given by

l1—n
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where 7 is an ice stiffness factor, A is a temperature-dependent rate factor, n = 3 is the power-law exponent, and the effective

strain rate, ¢, is defined as

1
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where ¢;; are the corresponding strain-rate components.

Under the first-order approximation to the Stokes equations, a stress free upper surface can be enforced through
él.n:é2.n:O7 (6)
where n is the outward pointing normal vector at the ice sheet upper surface, z = s(x,y). The lower surface is allowed to slide
according to the continuity of basal tractions,

2uc€1 -n+Pu=0, 2ué -n+ Pv=0, @)

where 3 is a spatially variable friction coefficient, 2. € o represent the viscous stresses, and w is the two-dimensional velocity

vector (u, v). The field (3 is set to zero beneath floating ice and the basal traction is computed with the SEP3 method described
in Seroussi et al. (2014). On lateral boundaries in contact with the ocean, the portion of the boundary above sea level is stress

free while the portion below sea level feels the ocean hydrostatic pressure according to

2p1c€r-n= %pigH< - ﬁ) ni, 2ficér-n= %pigH( - ﬁ) n, ®)

Pw Pw
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where n is the outward pointing normal vector to the lateral boundary (i.e., parallel to the (x,y) plane), p,, is the density of
ocean water, and n; and n9 are the = and y component of n. A more complete description of the MALI model, including the
implementations for mass and energy conservation, can be found in Hoffman et al. (2018). Additional details on the momentum
balance solver can be found in Tezaur et al. (2015a, b).

Here—we-

2.1.1 GLF computation

The grounding line (GL) is computed as the zero level-set of ¢(x = p;H(x,y)+ pub(z,y), where H and b are the
continuous, piece-wise linear finite element fields for the thickness and the bed topography, respectively, defined on a triangulation
of the domain at hand. As a consequence, the GL is a piece-wise linear curve, separating grounded ice (where ¢(x >0

from floating ice (where < 0). The flux F per unit width at a point on the GL is calculated as F := Hu - ngy,, where

4 is the vertically averaged velocity, and n¢y, is the normal to the GL, pointing towards the floating ice region. The integrated
grounding line flux, hereafter GLF, is the line integral of I” along the GL and it has units [m® yr”']. We note that perturbations
of the thickness far from the GL affect the GLE only through changes in the velocity field, whereas perturbations of the
thickness at triangles intersecting the GL also directly affect ice thickness at the GI and, via the flotation condition, also
possibly the position and length of the GL.. We further note that ice rises in the model are also surrounded by grounding lines
and require no special treatment.

2.2 Model configuration

We apply MALI to experiments on both idealized and realistic marine-ice sheet geometries. For our idealized domain and
model state, we start from the equilibrium initial conditions for the MISMIP+ experiments with a mesh resolution of about
2km, as described in Asay-Davis et al. (2016). For our realistic domain, we use Antarctica’s Larsen C Ice Shelf and its upstream
catchment area. For the Larsen C domain, the model state is based on the optimization of the ice stiffness (v in Eq.t4) (4))
and basal friction (5 in Eq.€7 (7)) coefficients in order to provide a best match between modeled and observed present-day
velocities (Rignot et al., 2011) using adjoint-based methods discussed in Perego et al. (2014) and Hoffman et al. (2018). The
domain geometry is based on Bedmap2 (Fretwell et al., 2013), and ice temperatures, which are used to determine the flow
factor and held fixed for this study, are taken from Liefferinge and Pattyn (2013). Mesh resolution en-the-ice-shelfis-between
is 2and-4-km-km at the grounding line and coarsens to 4 km near the calving front of the ice shelf and 5 km in the ice sheet
interior. Following optimization to present-day velocities, the model is relaxed using a 100-year forward run, providing the
initial condition from which the Larsen C experiments are conducted (as discussed below). The domain and initial conditions
were extracted from the Antarctica-wide configuration used by MALI for initMIP experiments (Hoffman et al., 2018; Seroussi
et al., 2019). Both the MISMIP+ and Larsen C experiments use 10 vertical layers that are finest near the bed and coarsen

towards the surface.
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3 Perturbation experiments

To explore the sensitivity of changes in GLF to small, localized changes in ice shelf thickness, we conduct anumber-of-pertur-
bation experiments analogous to those of Reese et al. (2018). Using diagnostic model solutions, we calculate the instantaneous
response-ofchange in GLF for the idealized geometry and initial state provided by the MISMIP+ experiment (Asay-Davis
et al., 2016). We then conduct a-simitar-study-similar experiments for Antarctica’s Larsen C Ice Shelf using a realistic configu-
ration and initial state. The geometry-and-steady-state-geometries and ice speeds for MISMIP+ (steady-state) and Larsen C Ice
Shelf (present-day) are shown in Fig. 1.

Our experiments are conducted in a manner similar to those of Reese et al. (2018). We perturb the coupled ice sheet-shelf
system by decreasing the ice thickness uniformly by lm-over-m at ice shelf grid cells (ersquare-boxescontaining-a-numberof

by the finite element solver; every point of the Delaunay triangulation coresponds to a Voronoi cell), after which we examine
the instantaneous impact on kinematics and dynamics (discussed further below). Fer-For both the MISMIP+ -we-tse-a-tuniform

thicknessperturbations-are-applieduniformlyand Larsen C domains, the local ice shelf surface and basal elevations are adjusted

following perturbations in order to maintain hydrostatic equilibrium. Lastly, for the MISMIP+ 2-km experiments, we note that,
in order to save on computing costs, we only perturb the region of the ice shelf for which z < 530 km (the area over which the

ice shelf is laterally buttressed) and for which y > 40 km (due to symmetry about the center line). We do, however, analyze the
response to these perturbations over the entire model domain.

Similar to Reese et al. (2018), we define a GLF response number for our perturbation-based experiments,
Ll
P
where R is the change in the iee-(mass)fluxintegrated-along-the-entire-groundingtine-GLF over a year due to a perturbation in
the thickness at a single grid cell(erbox-of-grid-cells-inthe-case-of loarsen-C), and P is the local mass-volume change associated

with the perturbation. The subscript rp denotes the “response” from “perturbation” experiments'. Note that both R and P have

Nrp = (9)

units of m? so that N, is dimensionless.

Changes in GLF (quantified by [V,.,) in response to a local change in ice shelf thickness are assumed-expected to occur via
changes in ice shelf buttressing, which generally acts to resist the flow of ice across the grounding line. To quantify the local ice
shelf buttressing capacity, we calculate a dimensionless buttressing number, Ny, analogous to that from Gudmundsson (2013)

and Fiirst et al. (2016),

(10)
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where Frr=n—TFn"T, := n - Tn is a scalar measure of the stress normal to the surface defined by n. The two dimensional
stress tensor T is computed according to the shallow shelf approximation and is defined in Eq. (A6). No is the value that
Fweuld-take-of Ty, if the ice was removed up to the considered location and replaced with ocean water ';-and-itis
defined-as No-+=—pr{—p:/pw g (or alternatively, the resistance provided by a static, neighboring column of floating ice

1 i
Noi=5pig (1 - ”) H, (an
Puw

with p; and p,, being the densities of ice and ocean water, respectively'. For the MISMIP+ experiment, p;=918 kg m™* and for
the Larsen C experiment, p;=910kgm”?. For both experiments, p,,=1028 kgm_®. We elaborate further on the calculation of
the buttressing number in Appendix A. While Gudmundsson (2013) chose the unit vector n to be normal to the grounding line
to define the “normal” buttressing number, Fiirst et al. (2016) extended his definition to the ice shelf by examining NN, (n) for
n along the ice flow direction and along the direction of the second principal stress. Here, we explore the connection between
changes in grounding line flux (quantified by V,.,), sub-shelf melting, and local buttressing on the ice shelf (quantified by
N, corresponding to arbitrary n (in order to consider all possible relationships on the ice shelf). Belows-werefer-to-Fras

Note that we do not discuss the tangential buttressing number defined by Gudmundsson (2013); hereafter, we use “buttressin
number” to refer exclusively to the “normal < is-de 3 ase e imensiona 3
] ] F . . 1”

T — dppeérr + 2Neél/y 2,ueéacy

2y Apreyy + 2e€rn

4 Results

4.1 Correlation between buttressing and changes in GLF

A decrease in ice shelf buttressing tends to lead to an increase in GLF (e.g., Gagliardini et al., 2010, also see Fig. 2a) and

intuitively we expect that the GLF should be relatively more sensitive to ice shelf thinning in regions of relatively larger

buttressing. We aim to better understand and quantify the relationship between the local ice shelf buttressing “strength” in
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a given direction (characterized by N) and changes in GLF (characterized by N,.,). A reasonable hypothesis is that, for a
given ice thickness perturbation, the resulting change in the GLF is proportional to the buttressing number at the perturbation
location.

In Fig. 2, we show the results from all (730) perturbation experiments for MISMIP+, and the corresponding N,,, and N,
values. For-We show values of N, -we-show-the-values-eorrespending-to-for three different directions, corresponding to the
choice of n in Eq. (16);:-(10): the first principal stress direction (n,;), the second principal stress direction (n,2), and the
ice flow direction (ny). In the discussion below, we frequently refer to these three directions when discussing the buttressing
number. In agreement with the findings of Fiirst et al. (2016), the largest values for /V;, occur when it is calculated in the n,
direction. While there appears to be a qualitatively reasonable spatial correlation between the magnitude of N,., and IV, when
the latter is calculated in the np-and-np; and n directions (and less so when calculated in the fiyn,,; direction), in Fig. 3 we
show that there is no clear relationship between the response number N,., and the buttressing number NV, calculated along any
of these directions, at least for the case where we consider all points on the ice shelf.

In Fig. 4, hewever,-we show correlations (Figs—4b—d)-between the modeled value of N, and N, where we have-removed
points-forwhich the-flow-is-weakly buttressed-ignore points meeting the following critera: (i) points where the ice shelf becomes
unconfined (x > 480 km;-where-the-ice-shelf-starts-to-become-uneonfined)); (ii) points within 2 cells from the GL; (iii) points
where shear stresses are large according to the metric,

12)

" ool
where g1 and where the minimum-distaneeto-g,; are the first and second principal normal stresses, respectively, and 1z is the
ratio of the maximum shear stress to the mean normal stress. For the case of (i), a good correlation between Ny, and Ny, is not
expected for unconfined flow where buttressing is insignificant (Van Der Veen, 2013). For the case of (ii), complications near
the grounding line i+ i i i i ips—(e.g., grounding line
movement and geometry change associated with thickness perturbations, as noted in 2.1.1) may give incorrect GLF response
numbers. For the case of (iii), we expect a relatively poor correlation between IV, and N, for locations where buttressing.
occurs primarily via lateral drag, which will be poorly captured by a stress metric (i.e., buttressing number) associated with a
single direction. In a principal stress framework, shear stress is described by perpendicular normal stresses of opposite sign.
Applying this metric means that we only evaluate correlations between Ny, and N,.,, for points where m, from Eq. (??)is <1

i.e., where normal stress is dominant over shear stress; see also Fig. S2). When a

filter, the number of points considered is reduced (Fig. 4a) and stronger correlations between N,.,, and /V, emerge. In particular,
a stronger correlation between N,., and N3, occurs when Vy, is calculated using n,,; (Fig. 4b) or n; (Fig. 4d), relative to when

using ny,» (Fig. 4c)ern(Fig—4d).

D -

lying criteria (i)-(iii) above as a spatial
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Figure 2. The-730-perturbation—peints—"GLF number and buttressing number for each of the 730 perturbed grid cells in the MISMIP+
experiments. (a) The spatial distribution of the GLF response number, V,.,. (b-d) The spatial distribution of the buttressing number, N,

corresponding to directions (b) n,1, (c) np2, and (d) ny. Black dots indicate grid cells located along the grounding line. The negative N,,,

values in (a) correspond to a few partially-grounded cells in the vicinity of the GL, where the GLF can be reduced by ice shelf thinning. Here

the colorbars for (a)—(d) do not show the full data range. Note that the negative GLF numbers in panel (a) are due to the nonlinear impacts of
changes in both ice thickness and velocity at the GL.

4.2 Directional dependence of buttressing

The buttressing number at any perturbation point depends on F75 T, which in turn depends on the chosen direction of
the normal vector, n (Eq.+6 (10)). Fiirst et al. (2016) calculated N, using ny and ny; and chose the latter — the direction
corresponding to the second principal stress (the maximum compressive stress or the least extensional stress) — to quantify the
local value of “maximum buttressing” on an ice shelf. In Fig. 5a, we plot the linear-regression correlation coefficients (r) for
the N,, : Ny relationship where the direction of n used in the calculation of F55-T),, varies continuously from A¢ =0-180°
relative to n,; (we also show how the buttressing number [V, varies aceording-to-direction-starting-from-npr-as a function of
direction in Fig. S3). We find large correlation coefficients (r > 0.9) when N, is aligned closely with n,; (A¢ = 0° or 180°)
and the smallest correlation coefficient (r < 0.5) when IV, is aligned with n,5 (A¢ = 90°). Similar conclusions can be reached
when examining the eontinteus—vataesfor-variation of r with respect to the ice flow direction (Fig. 5b), where correlations

are phase shifted by approximately 50° counter-clockwise relative to Fig. 5a. Clearly, the best correlation occurs along the
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Figure 3. (a) Blue dots represent the locations of all perturbation points analyzed (730) for the N, : N} linear regression analysis. Black dots
indicate grid cells located along the grounding line. (b-d) Modeled NV,., from perturbation experiments versus predicted V., as a function of

Ny calculated along (b) np1, (¢) np2, and (d) ny.

direetion-a direction somewhere between n,; and ny. Note that we do not see an exact match between Fig. 5a and Fig. 5b

if we shift the angle by 50° because the angular difference between ny,; and ny varies slightly-between-individual-grid-cells

for the perturbation locations analyzed.
Fiirst et al. (2016) posit that N,(n,2) provides the-best-a good local buttressing metric and chose it for identifying regions

of maximum buttressing on an ice shelf —Here;-heweverwith the goal of identifying “passive” ice that can be removed without

tangibly affecting the remaining ice. While our results also show that buttressing is greatest in the direction of the second
rincipal stress (which follows from the definitions of the second principal stress and the buttressing number, see also Fig. S3),

we find that -buttressing in this direction is not useful for predicting changes in GLF; compared to Np(1ny2), Np(np:) and
Np(ny) both show a better correlation with changes in GLF via local, sub-ice shelf melt perturbations. We return—to-and

discuss these differences further belew-in Section 5.
4.3 FLeealPerturbation impacts: local, far-field, and integrated impaets-of-changesin-buttressing

We-now-examine how-local

10
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Figure 4. (a) Blue dots represent the locations of all perturbation points analyzed (+42168) for the IV,-, : IV}, linear regression analysis, based

on the filtering criteria discussed in Section 4.1. Black dots indicate grid cells located along the grounding line. (b-d) Modeled NN;., from

perturbation experiments versus predicted N, as a function of N, calculated along (b) np1, (c) np2, and (d) ny. The correlation coefficient

for each modeled N;., versus N is given by r.
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Figure 5. Correlation coefficients for the linear regression relationship of N, : N, where n is rotated counterclockwise by A¢ degrees

relative to (a) n,; and (b) ny. The perturbation points analyzed here are the same as in Fig. 4a.
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4.3.1 Local perturbation impacts

Local thickness perturbations on the ice shelf alter the local ice thickness gradient; on the upstream {groundingline)-side of the
perturbation, the-thickness-gradient-will-deerease-and-it becomes more negative while on the downstream (ealving-front)side
itwithinerease side it becomes less negative (Fig. 6a, b). Boeatty; the resultis-an-inerease-inThese thickness gradient changes
increase the ice speed immediately upstream from the perturbation and decrease it immediately downstream of the perturbation

Fig. 6¢), resulting in anomalous flow convergence towards the perturbation location (Fig. 6d). The resulting impacts on the

rincipal strain rates (and thus the principal stresses) are increased compression (or a-deerease-in-decreased extension) along
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Figure 6. An example of the local change (ratio, in %) in (a) the ice thickness gradient in x, (b) ice thickness gradient in y, (c) ice speed,
(d) ice velocity (relative), (e, f) principal strain rates, and (g, h) buttressing number following a local perturbation to the ice shelf thickness.

In (e) and (g), changes (colors) are associated with the n,; direction and for (f) and (h) changes are associated with the n,2 direction. The

both principal stress-directions (Fig. 6e, f) and, via Eq. (46)(10), a corresponding increase in the local buttressingnumber
caleulated-value of IV, along both principal stress directions (Fig. 6g, h).

pertarbation)-is-thatef-aninerease tﬂ—fhe%ﬁ&fesgxﬂg—ﬁ&mbe%{see—a}s&These spatial patterns of change are robust for a number
of different perturbation points on the ice shelf (see Flgs S4 and S5 in the Supplementary analageustoFig—6;-which-shew

m&mmm&
seen, sometimes for only the n,,; direction but other times for both principal directions (Fig. S5). In Fig. 7, where-we-shew-that;
in-response-to-tocal-ice shelf thickness-perturbations;for-al-we quantify the local (at the perturbation location; Fig. 7a) and
neighboring (immediately surrounding the perturbation location; Fig, 7b) changes in Iy, for all of the points analyzed in Fig. 4
there-is-an-and for all possible directions. From Fig. 7, we make two conclusions: 1) the local change in Ny, is generally more

13
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Figure 7. The change in buttressing number, AN, at and near to ice shelf thickness perturbations. In (a), the change at the perturbation

location is shown and in (b) the mean change in all immediately neighboring cells is shown. Changes in buttressing are calculated along the

direction A, rotated counterclockwise relative to the n,; direction. The points analyzed include those in Fig. 4a, which are shown as the
shaded area, with the solid curve representing their mean value.

local and neighboring changes in buttressing are often inconsistent (i.e., a decrease in Ny, at a particular grid cell coincides with

an increase in th

largerinerease-in-IN} in the neighboring cells). The first conclusion would seem to argue against using Nj(n,,5) for quantifyin,

local changes in buttressing in terms of their broader impacts on GLF (because, surprisingly, local thinning perturbations are

more likely to indicate a local increase in buttressing along the n, directionemphasizes-that-theloealiceflow-is-always-mere

. The second conclusion suggests that analysis over wider spatial scales may be necessary for a consistent understanding of
how local ice shelf perturbations impact GLF.

4.3.2 Far-field perturbation impacts

Away from the immediate vicinity of ice shelf thickness perturbations (i.e., beyond the grid cell where perturbations are
applied and its immediate neighbors), the resulting changes are more uniform and easier to interpret. The broader pattern of
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increased ice speed upstream from a perturbation location can be seen to extend spatially and diffuse with increased distance

ig. 6¢). Similar can be observed with respect to changes in principal strain rates and buttressing, at least for the n,,; direction

a reduction in buttressing on the shelf leads to an increase in GLF upstream — is consistent with our understanding of ice shelf
buttressing. Importantly, we note that a similar understanding based on changes in the n,» direction (Figs. 6f and h) is much

less straightforward due to more complicated spatial patterns and no obvious consistency between reductions in NV, (n,2) and

the increases in ice speed that would lead to a corresponding increase in GLE. This interpretation of the far-field effects of

local ice shelf perturbations is consistent when perturbations are applied at a number of different locations on the ice shelf (see

Figs. S4 and S5 in the Supplementary Material).
A reasonable hypothesis is that the apparent correlation between [V, (n
discussed above, between local thickness perturbations, far-field changes in principal stresses and buttressing along the n,;_

erturbations and principal stresses and buttressing along the n,» direction may account for the relatively poorer correlation
between N, (n,5) and IV,.,, shown in Fig. 4c. Next, we explore how these far-field changes are expressed at the grounding line.

ig. 4b arises because of the connection,

4.3.3 ChangesinPerturbation impacts on buttressing and ice flux at the grounding line

To understand how pertarbations-propagate-across-the-iceshelf-and-impaet-thegroundingline;we

g local perturbations in ice
shelf thickness impact GLF, we now examine changes in the buttressing number and the-iee-speed-ice speed at and normal to
the grounding linefollowingloeal-perturbations-in-thickness-on-the-iee-shelf. To quantify this relationship, we define T 1,

cov (AN}, Au) cov(ANyp,Au)

Yo = ComENe A= ANy Jo (Bu) 5(ANy)s(Bu)

13)

where ANy, = Npp — Npe and Au = up, — uc and with the subscripts p and ¢ denoting the pertarbation-and-the-"perturbed”
and “control” (i.e., the-initialeondition)-experimentsinitial) model states, respectively. ANy and Au denote vectors of the
ehanges-changes in the buttressing number and the-iee-speed-ice speed normal to the GL, respectively, for all GL cells along
the groundingtinemain trunk of the ice stream (red points in Fig. 8). T, a correlation coefficient, is an integrated ! measure of

the consistency between the magnitude and the sign of the change in the-buttressing number and ice speed between the control
and perturbation experiments, with cov and s representing the covariance and the standard deviation, respectively.

By plotting values of Y4 mapped to their respective perturbation locations on the ice shelf (Fig. 8), we show that-there is
generally a negative correlation between speed and buttressing at the GL: inereases in-in response to a thickness perturbation on
the ice shelf, buttressing decreases and speed (and hence flux) across the GL eerrelate-with-decreasesin-buttressing-at-the-GE
tincreases. in line with our general understanding of buttressing. In Fig. 8)-Fhis negative eorrelation-is substantiatly stronger
when-the-buttressing number-is-a, we show a reference case for which Ty, in Eg. (10) (and hence in Eq. (13)) is calculated
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normal to the grounding line. In this case, the N}, values in Eq. (13) are calculated along the npr-direetion-GL as defined by
Gudmundsson (2013) (Yo = Y,1(n,;), where n; is the direction normal to the grounding line). In Fig. 8b and ¢, we show
Ler(my) and Yy (myo), respectively. As expected, the correlation is strongly negative for Ygi(ng) (Fig. 8a) than-along-the
npy-direetionand we find that Ygi(ny, ) is a close match (Fig. 8b). While much of the shelf under consideration also shows
a negative correlation for Vg (n,2), the correlations are generally weaker and there are regions near the center of the shelf,
and closer to the grounding line where the correlation switches sign, implying an increase in buttressing (as calculated in that
direction) accompanying an increase in GLE (Fig. 8b)-¢).

Carrying-this-analysis-ene-step-furtherIn addition to the results for the three discrete normal directions discussed above
a continuous analysis of Yy as a function of the normal stress direction is shown in Fig. 9 where we plot Ty for-at each

perturbation point {span-aleng-the+-axis)-and for all directions {span-along-the--axisy-in the range of A¢p = 0-180° relative
to n,,; . Agains-this This correlation is generally negative and substantialty-stronger for buttressing numbers calculated elose-to

near the n,,; direction (esfor-A¢ closer to 0° or 180°) and weaker (or even strongly positive) approaching the n,, direction.

This analysis connects the local perturbations and far-field impacts described above with changes in integrated GLF, providin,

a further means for understanding the correlation between N (n,;) and N,., in Fig. 4b.

4.3.4 TEeeal-Summary of local versus integrated impacts of i ingice shelf perturbations

The changes in ice speed and buttressing at the grounding line that-are-quantified by Figs. 8 and 9 must be the result of
perturbations initiated on the ice shelf that have propagated (here, instantaneously) to the grounding line, where increases in
speed are associated with increased extension along n,; and, according to Eq.¢10) (10), decreased buttressing associated with
the n,,; direction. Intuitively, these increases in ice speed at the grounding line must be triggered by the loss of buttressing on the
shelf-H i i

localized ice thickness (thinning) perturbations. As shown and argued above, however, it is difficult to understand the integrated

impacts of these perturbations on the—<

The-GLF based on changes in locally derived quantities alone, in particular, the locally derived buttressing number, N,. One
would come to very different conclusions regarding how a perturbation impacts local buttressing depending on both the spatial
scale of the area around a perturbation being examined and the principal direction used for calculating IV, (e.g., Figs. 7a and b).

Over wider spatial scales, however, we do find consistency between the impacts of local perturbations on geometry, stresses

local buttressing, ice speed, and changes in GLF (Figs. 6, 8, 9). While we hypothesize that it is this consistency that lies behind

apparent correlation between V5 >Ny, and N, in Fig. 4b)-may-be-partially-explained-by-Figs—8a-and-9;

he a =~ he—oronndinetline—fao ha N\ NP

the

domain—tn-, we still lack the detailed physical understanding behind that correlation that would be required for us to apply it
with confidence.
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Figure 8. Spatial distribution of the correlation coefficient Tz from Eq. (43)-(13) over the MISMIP+ domain for buttressing number changes
calculated parallel to (a) ng, (b) n,1 and (bc) ny2 (colors). Ty is a measure of the correlation between changes in buttressing number and
ice speed along the grounding line. The black-dashed line represents the grounding line ;-atenrg-and the red dots indicate the area of the
grounding line for which values of Y are calculated for each perturbation on the ice shelf, as shown in Fig. 4a.
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Figure 9. Correlation between the change in buttressing number and the change in ice speed across the grounding line (i.e., T4 from
Eq. 443)(13)) for the entire MISMIP+ grounding line. The horizontal axis shows how Y varies as a function of the direction n used to
define the normal stress, rotated counterclockwise from n,; by A¢. Values from the maps in Figs. 8a and b plot at A¢ values of 0 and 90
degrees, respectively. Thus, the blue shaded region represents all possible maps for all possible values of buttressing direction. The thick

black curve represents the mean value of Y for any given map.

350 Further, we show in the Supplementary Material and Table SO1 that the correlation between may be spurious, perhaps due
to correlations with some other common variable. Finally, in the next section ;-we-apply-a-similarset-of-analyses-we show that
this tenuous correlation between N, and N,.,, breaks down almost entirely when applied to a realistic ice shelfand-in-doingso;
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Analogoeus-teFig—Sa-domain, to a realistic, Larsen C ice shelf domain. For this domain, with complex geometry and spatiall
variable ice temperature (and associated ice rigidity), the relationship between N (n,1) and IV,., becomes much weaker relative
to that for the MISMIP+ test-ease; Fig—??b-shows-domain. Fig. 10 shows that using the #V;:V-eorrelationsfor-the-arsen-€

In-thesupplement,we-includefiguresshowing-the-. However, even when retaining only points with low shear contributions
the relationship is nonlinear without a clear functional form. Furthermore, restricting analysis to the maximum-and-mintmum

perturbations-on-the Larsen-Cshelf-inerease-buttressingloeally-regions of where the GLF response number is large (see also
Fig. 13a below). We find a similar result when coarsening the analysis to use 20 x 20 km boxes for the analysis, as was done

for the /V,,, calculations performed by Reese et al. (2018); a strong correlation exists for only a small area near the center of

the ice shelf (Fig. 22
along-the-grounding linefor Larsen-C(Fig—22)-S6). Even weaker relationships are found for the n,» and n ¢ directions. Thus
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Figure 10. a) Larsen C model domain colored by the shear metric, m; (Eq. (??)). b) Scatter plot of N,(pl) and N,,, colored by different

values of ms.

while there clearly is some link between N, (n
way and likely differs across and between ice shelves.

Overall, for a realistic ice shelf like Larsen C with a complex geometry and flow field, it-is-diffieultto-find-therobust
robust relationships between the local ice shelf buttressing number and changes in GLE. This islikely-beeause, at least in part,
likely due to the fact that, for more complex and realistic domains, there is no dominant direction of buttressing controlling ice
flux across the grounding line. Fhis-finding-further-diminishes These findings further diminish our confidence in attempting-to

use-a-simple-metrie-like-aloeally-derived-ieceshelf-buttressingnumberusing locally derived buttressing numbers for assessin
the sensitivity of GLF to changes on the ice shelf. For this reason, we rew-explore an alternative and more robust method for

and NV,.,, for a realistic ice shelf, it is far too tenuous to be used in a predictive

quantifying how ice shelf thickness perturbations affect flux at the grounding line.
4.5 Adjoint sensitivity

Our-While our goal throughout this study has been to find a simple and robust metric for diagnosing GLF sensitivity to ice
shelf thickness perturbations—Hewever;-the-, the challenges and complications discussed above suggest that this may not be
possible;-metivating-, This motivates our investigation of a wholly different approach-—, which This-approach-provides a GLF

sensitivity map analogous to that previded-by-the Reese-et-al- (2018 )finite perturbation-based-experiments{and-these-conduete

here)from Reese et al. (2018). But rather than computing the GLF change due to a perturbation applied individually at each of

n model grid cells (thus requiring n diagnostic solves), we use an adjoint-based method that allows for the computation of the
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sensitivity at all n grid cells simultaneously fer-at the cost of a single adjoint-model solution. Briefly, this method involves the
solution of an auxiliary linear system (the adjoint system) to compute the so-called Lagrange multiplier, a variable with the
same dimensions as the forward-model solution for the ice velocity. Here, the matrix associated with the system is the transpose
of the Jacobian of the first-order approximation to the Stokes flow model (Perego et al., 2012). In addition, the adjoint method
requires computation of the partial derivatives of the first-order model residual and the GLF with respect to the velocity solution
and the ice thickness. Here, we compute the Jacobian and all the necessary derivatives using automatic differentiation (Tezaur
et al., 2015a). Additional details of the adjoint-based method and calculations are giving in Appendix BC.

A similar approach has been proposed by Goldberg et al. (2019). That work primarily assessed the adjoint sensitivity of
the volume above floatation with respect to sub-ice shelf melting of Dotson and Crosson ice shelves in West Antarctica. In
contrast to our approach, Goldberg et al. (2019) compute transient sensitivities because their quantity of interest (volume
above floatation) is time dependent.

The adjoint-based sensitivity has units of mass-volume flux per year per meter of ice thickness perturbation (kg-a—mm?

tonnondimensionalize this value,

dividing it by the area of the perturbed cell and multiplying it by the one year period over which we consider the perturbation, so
that it is dimensionless and comparable to N,,,, and refer to it as N,., (where the subscript a is for “adjoint”). In Figs. 11 and 12,

yr ). We n

we demonstrate the application of this method to the MISMIP+ and Larsen C domains by comparing GLF sensitivities deduced

from 730 and 1000 individual-diagnestie-model-evaluations-points (i.e., from the respective perturbation experiments discussed
above 'for the MISMIP+ and Larsen C domains, respectively) with those deduced from a single adjoint-based solution-Nete

and-+2-, The comparison demonstrates that the two approaches provide a near exact match.

As might be expected based on the discussion above, the two methods disagree in regions very near to the grounding line (see
Fig. 13c). This discrepancy is likely a consequence of the-high-large non-linearities near the grounding line, as suggested by the
fact that the agreement between the two methods improves as the size of the perturbation decreases (from 10 m to 0.001 m; see
Fig. 13), the only change being the magnitude of the applied perturbation). This might be exacerbated by the sliding law adopted
in this work, which results in abrupt changes in the basal traction across the grounding linetothershdingtawsalowing-, Other
sliding laws, e.g. Brondex et al. (2017), allow for a smoother transition at the grounding line --e-g-Brondex-etal(2047);-and
might mitigate this problem. We also note that some isolated cells adjacent to the grounding line exhibit negative sensitivities
(a decrease in ice flux following a decrease in ice thickness), opposite those exhibited by the rest of the ice shelf. We attribute
these to partially grounded cells, for which the sensitivity may be more akin to that expected for grounded ice (i.e., a direct

The adjoint sensitivity map represents a linearization of the GLF response to thickness perturbations. As long as the perturba-
tions are small enough, one can approximate the GLF response by multiplying the sensitivity map by the thickness perturbation.

Comparison of N, and INV,,, for different perturbation sizes (Fig. 13) suggests that this is reasonable for perturbations on the

lEq
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Figure 11. (a) Grounding line flux sensitivity for the MISMIP+ domain derived from the an-adjoint model approach;-. (b) Perturbation-
(Nrp; x-axis) versus adjoint-based (N, ; y-axis) sensitivies are-plotted against one another (perturbation locations are shown by circles in

the inset, where the grounding line grid cells are shown by the black dots.)

order of <10 m for points on the ice shelf that are not too close to the GL. At the same time care should be taken when inter-
preting the sensitivities — based on either the perturbation- or adjoint-based methods — in the vicinity of grounding lines. This
is especially important when considering that the near-grounding-line region is also that with the largest sensitivities (Figs. 11a
and 12a). Because these sensitivities may be inaccurate, they provide an additional-argument for applying high spatial resolu-
tion near the grounding line; coarse resolution near the grounding line will extend the region over which inaccurate sensitivites

sensitivities may be assessed. More accurately assessing the sensitivities near the grounding line may require the application

of perturbations mere tstie-n hi § ial-seale;as-oppeosed with both magnitudes and spatial scales that

are more realistic than the infinitesimal, highly localized perturbations explored here.

The adjeint-method-adjoint method provides sensitivity maps over the entire ice shelf, including around islands, promon-
tories, and along the grounding line itself, which is generally the part of the ice shelf where the GLF is the most sensitive to
thickness perturbations (e.g., see Figs. 11a and 12a abeve-and Fig. 1 in Reese-et-al(2018)Reese et al. 2018). Thus, despite the

added complexity in its computation, the adjoint-based method provides significant advantages over the simpler but more ad

hoc (i.e., perturbation-based) analysis methods discussed above.
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Figure 13. Comparisons between perturbation- and adjoint-based sensitivities (/V,-, and N, respectively) for ice thickness perturbation of

(a) 0.001 m, (b) 0.01 m, (c) 1 m and (d) 10 m for perturbation points near the grounding line (<3 km) -as-shown-as-indicated by the red-selid

eirelesin-dots on the inset map in (a). Red dots represent grid cells next to the grounding line and blue dots represent grid cells on the ice
shelf proper.
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5 Discussion and Conclusions

The current interest in better understanding the controls on the MISI is due to the potential for future (and possibly present-day,
ongoing) unstable retreat of the West Antarctic ice sheet (e.g., Joughin et al., 2014; Hulbe, 2017; Konrad et al., 2018). Because
a loss of ice shelf buttressing is a primary cause of increased GLF (and thus an indirect control on the MISI), recent attention
has focused on better understanding the sensitivity of ice shelf buttressing to increases in iceberg calving and sub-ice shelf
melting. In this study, we have attempted to better characterize and quantify how local thickness perturbations on ice shelves —
a proxy for local thinning due to increased sub-ice shelf melting — impact ice shelf buttressing and GLF.
Two-previousty-used-Two previous approaches for assessing GLF sensitivity to changes in ice shelf buttressing — the flux
response number (/V,,,) and the buttressing number (Vy) — ¢ i Hurati i i
addition, this correlation is highly dependent on the direction chosen to define buttressing. Specifically, we find that the choice
of the normal vector used when calculating N, dictates whether there-is-a-general-correlation-or-tack-ef-the correlation between
N, and Ny is significant or not. Here, for both idealized and realistic ice shelf domains, we find a stronger-weak correlation

between V,.,, and IV}, when the normal stress used in calculating the buttressing number corresponds to the first-prineipal-stress
or-the-iceflow-direction——whereas—theecorrelation—+s-mueh-weaker-second principal stress direction (n,5). The correlation is
stronger (though sometimes still fairly weak) when NV, is calculated in the direction associated with the seeend-prineipal-stress

—first principal stress (n,,1) or the ice flow (n¢).
These findings appear at odds with the interpretation from previous efforts of Fiirstetal(2016)Fiirst et al. (2016), who

argue that buttressing provided by an ice shelf is best quantified by V, calculated in the direction of n,,. Theseseemingly
contradictory—findings-The seeming contradiction may be partially rectified by considering the different foci of Fiirst et al.
(2016) versus the present work: while Fiirst et al. (2016) primarily focused on how the removal of passive shelf ice (identified by
Ny (n,2)) impacted ice shelf dynamics, as quantified by the change in ice flux across the calving front, our focus is specifically
on how localized ice shelf thickness perturbations impact the change in ice flux across the grounding line'. While changes in
calving flux are likely to impact the amount of buttressing provided by an ice shelf, they do not directly contribute to changes
in sea level. For this reason, changes in GLF are arguably the more important metric to consider when assessing the impacts of
changes in ice shelf buttressing.

Of significant concern in applying the apparent correlation between N,,, and N, (relatively difficult and easy quantities
to calculate, respectively) to-diagnose-Nyfrom-observations-or-meodels-is the lack of a clear physical connection between
local changes in buttressing on the ice shelf and integrated changes in flux at the grounding line. Here, we show that localized
thinning on the shelf gereralty-leads-to-atoeat-can lead to either increases inereasein-or decreases in the local buttressing metric

Ny, depending on both the direction of the normal stress chosen and the neighborhood over which these changes are estimated.
Yet these same perturbations consistently result in a net decrease in buttressing and an-consequently a net increase in iee-fhux

!While Fiirst et al. (2016) also discuss the impact of perturbations on the flux across the grounding line, this is a secondary focus of their paper and mostly

discussed in the Supplementary fafermationMaterial.
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aeross-the-groundingline—This-grounding line flux. While this can often be understood through the detailed spatial analysis of
the impacts for a single perturbation (e.g., Section 4.3 and Fig.6), this finding suggests that local evaluations of buttressing on

the ice shelf need-to-alone should be interpreted with extreme caution, as they may not be physically meaningful with respect to
understanding and-quantifying-overall changes in GLF. It is also possible that the correlations we find between N,., and N, are

to apply them in a predictive sense.

Practically speaking, however, these distinetions-and-coneerns-nuances may be irrelevant; when realistic s-and complex ice
shelf geometries are considered, it-is-not-possible-to-define-or-evenidentify-clear-clear and robust relationships between N,
and N, are elusive or absent. For the Larsen C domain considered here, strong, positive correlations are only found to exist
over a small, isolated region near the center of the ice shelf—Proximity—; proximity to the grounding line, the calving front,
complex coastlines, islands, and promontories all serve to degrade these correlations significantly, reducing the utility of the
buttressing number as a simple metric for diagnosing GLF sensitivity on real ice shelves. Further, defining “proximity”, and
hence an adequate distance away from these complicating features or other filtering metric, appears to be largely arbitrary.
Lastly, it is precisely these more complex regions, close to the ice shelf grounding lines, where sub-ice shelf thinning will
result in the largest impact on changes in GLF (as demonstrated here-in Figs. 11a and 12a).

Considering these complexities, we propose that assessing GLF sensitivities for real ice shelves requires an approach mueh
mere-analogous to the perturbation method used by Reese et al. (2018). Due to the computational costs and the experimental
design complexity associated with the perturbation-based method we propose that an adjoint-based method is the more efficient
way for assessing GLF sensitivity to changes in buttressing resulting from changes in sub-ice shelf melting. Future work should
focus on applying these methods to assessing the sensitivities of real ice shelves, based on observed or modeled patterns of sub-
ice shelf melting, and assessing how these sensitivities change in time along with the evolution of the coupled ocean-and-ice

shelf system.
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Appendix A: Calculation of the buttressing number

At the calving front, the stress balance is given by,
0N = —DPy,N, (A1)

where o is the Cauchy stress tensor, n is the unit normal vector pointing horizontally away from the calving front, and p,, is
the sea-water-pressure-water pressure against the calving front provide by the ocean. In a Cartesian reference frame, this gives

two equations for the stress balance in the two horizontal directions,

OgaMy + OxyNy = —PuwNa,

(A2)
OxyNg + OyyNy = —PyyNy.
Expressing the full-Cauchy stress as the sum of the deviatoric stress and the isotropic pressure (¢—=+—pg = 7 — pl) and

assuming that the vertical normal stress o, is hydrostatic gives,

P=pig(s = 2) = Tax — Tyy- (A3)
Combining Equations A2 and A3 gives,

(270 + Tyy)Ma + Tayny = —Pwns + pig(s — 2)na,

(A4)
TayNa + (2Tyy + Toz )Ny = —Puwhy + pig(s — 2)ny.
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545 -On ice shelves,
the left hand terms in Equations A4 can be taken as invariant in the z direction and by vertically averaging A4 we obtain
1 P
(2Tpq + Tyy )Nz + Taoyhy = 5,01‘9(1 — —)Hn,,
Puw
1 p (AS)
TayNa + (2Tyy + Toz )Ny = 5,01‘9(1 — —)Hn,.
Puw
If we define the two-dimensional stress tensor T as,
2T + T, T,
T= e Y ,thenwewillhavewecanwrite Eq. (AS)asTn = Nyn, (A6)
550

Ny=1— — A7
W A7

is thus a scalar measure of the balance between this average ocean pressure and internal stress within the ice shelf. For the case
of NV, = 0, these two exactly balance such that stresses within the ice shelf do not further restrain or compel the ice flow.

555 Appendix B: Relationship between buttressing number and backstress

Thomas (1979) defines the concept of “back-pressure” or “back stress”, which was formalized by Thomas and MacAyeal (1982) and
MacAyeal (1987) as the stress provided by lateral shearing and compression around ice rises in excess of that of a freely.
spreading ice shelf. While the concept was conceived as applying along the grounding line (Thomas, 1979; MacAyeal, 1987),
it was extended to any material surface within an ice shelf (Thomas and MacAyeal, 1982; MacAyeal, 1987). This older concept

560 of a normal pressure characterizing downstream ice shelf conditions is reminiscent of the buttressing number defined by
Gudmundsson (2013) and extended by Fiirst et al. (2016) as the buttressing number (IV; )as-, defined in Eq. (A7) (and Eq. (10)).
Here we show that backstress is equivalent to IV, calculated in the along flow direction and normalized by the hydrostatic stress.

We follow Van Der Veen (2013) and Cuffey and Paterson (2010) and define back force, F'g, as the difference between the
565 driving force of an ice shelf, F', and the resistive force from longitudinal stretching, F7:
The driving force for an ice shelf is

Fp==p;ig(1— L) H? Bl
W (B)

and the longitudinal stretching force for a freely spreading ice shelf is

Frp=H2r! + ’Tyfy), (B2)
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where 7/ and 7/ are the along-flow and across-flow deviatoric stresses, respectively.

POHTS,, (B3)

1
Nolp = 5/%:9(1* p W{\

according to Eq. (A6), where T/ is the along-flow stress in the along-flow coordinate system, equivalent to the normal
stress along the flow direction, ns - Tn/, in the x,y coordinate system. To obtain the backstress, B, as a stress normal to
a vertically-oriented material surface, divide Eq. (??) by thickness (force per unit width divided by thickness):

Fg Fp Fp,
B =B _Ib L B4
A/ A B

Howeyver, if we observe that the driving stress of an ice shelf is the hydrostatic stress, Ng (Eqg. (11)), multiplied by the

thickness,

Fp = Noll, ®5)
combined with Eq. (B3), we can rewrite the backstress as

Bo=No—ny-Tn;. B6)

Dividing (normalizing) by N, then gives
B s ny- Tn f
Bo | mpTay oo ®7)
No No ()
which is analogous to Eq. (A7) above.

This result, while fairly straightforward to arrive at, brings together the current concept of “buttressing” at the groundin
line (as defined by Gudmundsson (2013) and extended to buttressing number on the ice shelf by Fiirst et al. (2016)), with the

much older concept of ice shelf “backstress” (e.g., Thomas and MacAyeal, 1982).

Appendix C: Adjoint calculation of GLF sensitivity

The adjoint method is often used to compute the derivative (or “sensitivity”’) of some quantity (here, the GLF) that depends on
the solution of a partial differential equation, with respect to parameters (here, the ice thickness) (see, e.g., Gunzburger (2012)).
It is particularly effective when the number of parameters is large because it only requires the solution of an additional linear
system, independent of the number of parameters. In the discrete case, the GLF is a function of the ice speed vector, u, and the
ice thickness vector, H. Using the chain rule, we compute the total derivative of the GLF with respect to the ice thickness as:

d(GLF) _9(GLF) du _ O(GLF)
JH  ou oH ' oH €D

i e GLF
} = gII;J Similarly o )

d(GLF)
ou ol

ou L Ju .
Here —— denotes the matrix with components 7H are row vectors with com-

OH

O(GLF) . (GLF)

ponents an repseetively—Inrespectively. The first term on the right-hand side of Eq. (C1) accounts for the
8llj (9Hj
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620

fact that a perturbation of the thickness would affect the ice velocity, which in turn would affect the GLF. The second term on
the right-hand side of Eq. (C1) accounts for changes in the GLF directly due to changes in thickness and is non-zero only when
the thickness is perturbed at triangles intersecting the GL. In this case, a thickness perturbation would affect the position/length
of the GL and the thickness of the ice at the GL.

0
In order to compute —u, we write the finite element discretization (Tezaur et al. (2015b)) of the flow model (Eq. (1)) in the

OH
residual form c(u, H) = 0 and differentiate with respect to H:

O_dc_(‘)cal Oc

=—=— —. 2
dH ~ ouoH ' 0H (2
Jc . , . Ou . .
Here J := u is a square matrix referred to as the Jacobian. It follows that 7H is solution of
u
Ou oc
oH ~ oH ©

. . . ou . .
Note that this corresponds to solving many linear systems, one for each column of 9 (i.e. for each entry of the ice thickness
vector). We can then compute the sensitivity as

d(GLF)  O(GLF) ( | dc ) | O(GLF).

T m) T Tom

dH ou €4

The main idea of the adjoint-based method is to introduce an auxiliary vector variable A for solution of the adjoint system

T
Ty (6(GLF)> ©5)
ou

and then to compute the sensitivity as

d(GLF) 7 dc  O(GLF)
ey = 8H+ S (C6)

Equations (C4) and (C6) are equivalent, but the latter has the advantage of requiring the solution of a single linear system

Oc O(GLF O(GLF
given by Equation (C5). In MALI, the Jacobian and the other derivatives, 87;1’ ( o ), and ( H ), are computed using

automatic differentiation, a technique that allows for exact calculation of derivatives up to machine precision. For automatic-

differentiation, MALI relies on the Trilinos Sacado package (Phipps and Pawlowski, 2012). As a final remark, we note that the

Jc . . o s
term 7H requires the computation of shape derivatives, because a change in thickness affects the geometry of the problem.

This is not the case for two-dimensional, depth-integrated flow models (e.g., as in Goldberg et al. (2019)), or when using a

sigma-coordinate to discretize the vertical dimension.
. . . .. . d(GLF )
We conclude this section pointing out that the sensitivit ( ) depends on the local refinement of the mesh and it

vanishes as the mesh is refined. This is particularly important in the case of nonuniform meshes, because the sensitivity map.
would strongly depend on the refinement, In order to overcome this issue it is advisable to scale the sensitivity pre-multiplying.
it by the inverse of the mass matrix (in a finite element context) or, similarl
the dual cells, as done in this paper to compute Ny,. We refer to Li et al. (2017), Section 6, for an in-depth analysis, in the

dividing it point-wise by the measure (area) of
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Correlations between IV, and various metrics

While the main goal of the study was to investigate the ability of the buttressing number () to predict the GLE response
number (Ny), we also assessed the predictive skill of a range of other metrics. This was motivated by the lack of a clear
theoretical justification for expecting Vi, to predict [V, and a concern that observed correlations may be spurious. To this end,
we calculated correlation coefficients for a variety of locally defined metrics related to the stress state of the ice shelf (Table
S01). Correlations for each metric were calculated for the MISMIP+ and Larsen € domains and in both cases, the calculations
were made with and without filtering points by the shear metric, m; (Eq. (22)).

The first set of metrics are the buttressing number (V) defined for a number of different normal directions, as discussed
in_the main paper. We also considered normal directions rotated 307 and 45° from the n,, direction, which was motivated
by the observation in Figs. 5a and S6, respectively, of maximum correlations in those directions. Additionally, we included
the shear metric, m, and the quantity “backstress” (Thomas, 1979; Thomas and MacAyeal, 1982; MacAyeal, 1987), which as
described in Appendix B is equivalent to Ny, (nz)Ny. For completeness, we also assess the principal stresses, the maximum
shear stress, and the stress in the flow direction. Finally, we include the equivalent ocean pressure, No (which is proportional
to ice thickness), and the two terms of the force balance used to calculate backstress.

There is not a single metric that has the highest correlation across all four cases. The metrics that perform the best across
all cases are backstress (1) and the buttressing number (Ny,) using normal directions between the 1, and n, directions. In
general, Ny (1) does not perform particularly well, reiterating the conclusions in the main paper that it cannot be recommended
as areliable predictor of changes in flux across the grounding line. Also of note are what appear to be spurious correlations. For
example, the driving force, Ip, and the ocean backpressure, Ny, generate the largest correlation coefficients for the MISMIP+
case limited to points where m < 1, but have no particular skill when all points are considered. Similarly, the longitudinal
stretching force (F7) for the MISMIP+ with 11, < 1 has high skill, but yields correlation coefficients close to 0 for the other
cases. There is no theoretical reason to expect any of these metrics to relate directly to change in flux across the grounding
line. These examples highlight the need for caution in extrapolating what appear to be strong correlations but are based on the

The conclusion of this detailed correlation analysis confirms that of the other analyses in the paper: no single metric can
be identified that can be used with confidence to predict NV, in general. While high correlations can be found in specific
circumstances, there is not a single metric with universal skill in predictability, and applications to the real-world ice shelf fail
to provide any relationships with practical utility.
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MISMIP+ Larsen C
m<l Allm,| m,<l Allm,
# points:| 309 404 6192 8814

Variable Description

Np(n,;) Eg. 10 0.54 0.49 0.38
N(n,;) Eq. 10 0.58 0.66 0.31 0.45
N, (m,;+30°) Egq. 10, Fig. 5a 0.50 0.50
N (n,, +459 Eq. 10, Fig. S8 047 053
N (ny) Eq. 10 0.45 0.43
B, Eq. B9

m Eg. 13 0.40 0.66 0.06 0.10
o Lst princ. stress 0.64 0.37 0.24 0.31
03 2nd princ. stress 0.46 0.63 0.23 0.51
Tonax Max. shear stress 0.30 0.55 0.04 0.44
Oflow stress in flow dir. 0.17 0.42 0.28 0.41
Ny,H Eq. A8 0.60 0.54 0.39
Fp Eq. B2 0.61 0.46
F; Eq. B3 0.84 0.00 0.03 0.25

Table S01. Correlation coefficients () between various metrics and 1V,

each domain, r values are reported for two situations: 1) where the shear metric mg is less than 1, and 2) for all values of ms. In both

situations

the MISMIP+ domain, points on the ice shelf east of x = 480 km are excluded. Values lower than the 50th percentile are shown with a white

calculated for the MISMIP+ and Larsen C model domains. For

rid cells intersecting the grounding line and grid cells adjacent to those points are excluded. Also, for both situations a

background, and values between the 50th and 99th percentile are shown with increasingly dark green shading.
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Figure S1. The modeled (a) and observed (b) surface ice speed for Larsen C Ice Shelf. Note that after 100 yr relaxation, the grounding line

osition in the modeled result is different from present-day observation.
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Figure S2. Shear ratio metric, ms. a) Map of log(m ). Positive values correspond to m > 1 where the maximum shear stress is large relative

to the average normal stress, while negative values correspond to m < 1. Black dots indicate grounding line location. b) Plot of Ny (pl

versus 7., colored by m as in a).
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Figure S4. An example of the local change (ratio, in %) in the ice thickness gradient in x (a), ice thickness gradient in y (b), ice speed
(c), ice velocity (d), principal strain rates (e, ), and buttressing number (g, h) following a local perturbation to the ice shelf thickness. In
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Figure S5. An example of the local change (ratio, in %) in the ice thickness gradient in x (a), ice thickness gradient in y (b), ice speed
(c), ice velocity (d), principal strain rates (e, f), and buttressing number (g, h) following a local perturbation to the ice shelf thickness. In

e) and g), changes (colors) are associated with the n,; direction {white-dashed-line)-and for f) and h) changes are associated with the n,»
direction(black-dashed-tine). The-insetin(b)is-azoom-in-ofthe velocity change around-the perturbation.
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