RC1: This paper uses a phenomenological approach to mapping crevasses in
Antarctic icesheets and glaciers. The method uses a set of criterion that
correlate with appearance of crevasses. The criteria and the approach is of
Bayesian/Al type and lacks completely scientific rigour. However, the
mapping is very extensive and match quite well, in most cases, with observed
crevasses. The results may therefore be useful data for more rigorous
approaches, and may simply because of that reason be published.

AC: We would like to thank the referee for his comments and
acknowledging that the results might be useful for future methods.
Since no modifications were suggested we did not make any changes.

AC: We thank Jeremy Bassis for his careful and insightful review of our
paper. His comments significantly improved the clarity of the manuscript.

RC: 1 General Appreciation

This manuscript describes a statistical method to predict the location of
fractures in Antarctic ice shelves and glaciers. Overall, there is a welcomed
novelty to the author’s approach, in which they take observations of fracture
and attempt to link these observations with dynamic variables predicted by
ice sheet models. This type of analysis can be used to formulate an empirical
model of fracture initiation and propagation or as part of a hypotheses testing
program. This manuscript seeks to do a little bit of both of these, although the
emphasis is on the former. People often have strong prejudices against the
former, but this is largely a question of philosophy. I should acknowledge that
my sympathies lie towards the latter and some elements of my review may
push the authors in this direction. Overall, I like the idea of the manuscript,
but I have a lot of comments. In particular, I had a very hard time following
the methods and discussion and my review is going to focus on many of these
elements. There were also quite a few typos or errors in the manuscript
(sometimes it was hard to tell which) and I suspect that the manuscript will
require a significant rewrite with the full attention of the senior authors to
make the manuscript accessible to a wide glaciological audience.

AC: We revised significantly the sections "Ice Sheet System Model (ISSM)
Model setup" and "Methods" following the reviewer’s advice.



RC: . Major comments
2.1 Observed fractures vs inferred damage

One of places where I’'m confused is in the data sources that are ingested to
compute where ice is fractured. The presentation in Section 2.2 led me to
think that surface velocities are used to invert for damage and then damage is
used as a proxy for locations where the ice is fractured.

AC: This is not entirely correct. We do not use damage as a proxy for
locations where the ice is fractured. Damage is used only for qualitative
comparison against our model and observed fractures.

RC: However, section 3 states that the authors use fractures when they are
visible in satellite imagery.

AC: Correct. We do use observed fractures to construct our statistical model
as well as a ground-truth for our modelled results. We do not use damage to
construct our statistical model. We moved the whole section discussing
damage-based method to the end of the methods section to make it clearer
that the damage modelling does not form a part of our model.

RC: This is then confirmed in section 3.2 where it is stated that satellite
images are used to determine when ice is fractured.

AC: Correct.

RC: As far as I can tell from reading the manuscript and figure captions, the
authors used satellite imagery to identify surface fractures and these are
shown as green dots in Figures 3 onward. The satellite imagery derived
fractures were then ingested into the statistical framework and this is used to
infer the probability that ice is fractured. My understanding is that damage is
only used qualitatively to compare with the probabilities inferred.

AC: This is essentially correct. However, we do not compare damage with
probabilities. We state in section 3.6 of the paper: "We do not compare our
probability-based model with the damage model directly; rather, we evaluate
their respective ability to predict the formation of fractures in ice."

We added the following sentence to clarify our methodology: "We utilise the
damage-based model as an independent method in order to compare it with
the observations of fractures and to identify areas where it can and cannot
accurately predict the presence of fractures." (we clarified the text in other
places as well, see below)



RC: I really like the idea of using damage as an independent method to
compare observed fractures with, but this should be emphasized early on.

AC: We have added a sentence in the end of the introduction section to make
this clear.

RC: To make the method clear to readers, I suggest rewriting the methods
and background section to introduce both the damage based method and the
satellite based method simultaneously. Or postpone the damage section
entirely until the discussion section since it is only used qualitatively and does
not factor into the analysis.

AC: We chose the latter option. We moved the description of the damage
method to the end of the methods section.

RC: Given the qualitative nature of the comparison, I also wonder if the
details of the inversion can be omitted and replaced with a suitable reference.

AC: A previous reviewer suggested that we should include the equations,
therefore we would like to keep them.

RC: 2.2 Location of surface fractures vs location of rifts and other fractures

I also had a hard time interpreting the location of both damage and fractures
identified in satellite imagery. I’'m going to focus my comments here on the
Amery Ice Shelf and Mertz glacier tongue because I know both regions well.
Looking at the observed fractures (green circles in Figure 5), I see quite a few
observed fractures on the grounded ice, but very few on the ice shelf.

AC: Some fracture observations might be left out of the set we used due to
the fact that we identified the location of all the fractures manually, however
missing a few fractures would not significantly affect the statistical model as
a whole. We already explained this in the paper (section 3):

"We did not need to select all the fractures on the ice sheet surface to build
the statistical model but, in order to compare the results of our model with
observations, we constructed extra data sets where we made a concerted
effort to select all the visible fractures on the ice surface. It is possible that
some fractures were missed due to the large spatial extent of the
experiments."

RC: However, I know there are significant crevasses/rifts that originate near



Gillock Island on the Amery that form a long crevasse/rift train. There are
also several rifts near the front of the ice shelf, including the Loose Tooth,
that don’t have corresponding observations identified. As far as I can tell, the
rifts that are most likely to become detachment boundaries are not clearly
represented in the dataset used to infer the locations of fracture! There seems
to be some objective criterion used that, unless I misunderstand, doesn’t
include what I would typically think of a crevasse. Similarly, you can see
from Figure 6 that the entire Mertz Ice Tongue is heavily fractured and yet
these fractures are not represented in the dataset used. The probability
inference is only going to be as good as the data ingested so it is important to
explain why most fractures on the ice shelf appear to be ignored.

AC: This is an important point that we probably did not explain well. The
definition of rifts and crevasses is different, and our paper attempts to model
fracture processes, not rifting. We have now made this clear in the beginning
of section 3.

RC: 2.3 Location of damage vs location of rifts and other fractures

Similarly, the inference for damage for most regions does not fill me with
confidence given the fact that inferred damage occurs in regions where there is
little evidence of fracturing and misses regions of actively propagating rifts. To
make things more perplexing, there is very little agreement between the
observed fractures and the damage that was inferred. What exactly is the
damage supposed to tell us if it doesn’t correspond to locations where there are
fractures?

AC: We agree. The focus of our paper is on the ability of our model to match
the observed fractures, not on explaining why the damage approach can not
always match the observations.

RC: In theory these two methods should provide independent confirmation of
areas that are damaged. The limited overlap between these regions makes me
question if the ingested data is limiting the applicability of the results.

AC: Because we do not rely on the damage predictions to construct our
model, the limitations of the damage approach do not affect our results. We
stated this indirectly in section 3.6 where we indicate that our model
construction depends only upon the probabilistic approach.

RC: Here I’'m not sure what to suggest, but I do think the authors need to



address the discrepancy between observed fractures, rifts visible in
MODIS/MISR imagery and inferred damage and what it does to the results
presented.

AC: The focus of our paper is on the performance of our own model, not of
the damage modelling that has been published previously. The aim of this
paper to develop an alternative method that can predict fractures well. We do
not want to change the focus of our paper. To reduce the apparent importance
of the discussion of damage modelling, we have moved it to the end of
section 3.

RC: I do wonder if focusing first on a single region that could be studied in
detail would be beneficial before attempting to merge many different regions.

AC: The statistical approach does not work well if the data are taken from
just a few glaciers, therefore working with many regions is absolutely
necessary. The wider the range of data, the more robust the statistical model.

Added to section 3: “This large number of ice shelf regions was chosen due
to the fact that the statistical approach does not work well if we train the
model on too few glaciers. Taking a wider range of input data (using different
regions in Antarctica) is more important than having a larger number of
similar data points. Variety of observations of different regimes improves the
reliability of the statistical model, as the diversity in sampling provides a
better estimation of correlation coefficients for the statistical model (called
$\beta$ coefficients in LRA). Thus, by choosing multiple glaciers we can
more accurately construct an approximate surface that separates fractured
from non-fractured nodes (the plane is determined by $\beta$ coefficients)."

RC: 2.4 Choice of variables used as predictors: Part 1 strain or strain rate?

I’m not sure that I understand the motivation for (or need) for many of the
predictors ingested into the probabilistic framework. I should say that I like
Tables 2,4 and 5, which quickly summarizes the different variables considered
and the dominant variables. These are great. The text describing the motivation
of many of the variables is, however, hard to follow.

AC: We added an enumeration in the text to make this part clearer. We also
revised the text to improve clarity.

RC: To start, the authors appear to be confused about the difference between
strain and strain rate. Strain is related to the gradient of the displacement.
Strain rate is related to the gradient of the velocity. These are not the same



thing. The authors note multiple times that they are looking at strains and
principle strains (e.g, page 7-8). It is, however, unclear how they can get strain:
do you accumulate strain rate over some interval of time? If so, what is the
time interval? I think this could be a really interesting calculation, but after
multiple readings I think the authors **might** really mean strain rate. This
absolutely needs to be clarified.

AC: We indeed use strain rates, thank you for pointing this out. We modified
the paper accordingly.

RC: 2.5 Choice of variables used as predictors: Part 2 what is physical and
what is not?

Some of the variables used as predictors are intuitive and have a long history
of usage (often irrespective of whether they are supported by observations or
not). Physical variables (in my opinion) include measures of the strain rate
tensor and stress/deviatoric stress tensors. Most of the other variables included,
especially the geometric variables should correlate with various measures of
the stress and/or strain rate. This makes me wonder if these additional
variables are needed to make up for deficiencies in the ISSM inferred values
for things like stress.

AC: this may be true, but is not entirely relevant. Our statistical approach
makes use of whatever indicators are available and relevant. If a particular
parameter was superfluous then the LRA would, by construction, ignore it
and that parameter would not have been included in our optimised set of
predictors. This circumvents the issue raised here, however, we added an
explanation of this in section 3.3.1.

RC: The authors also use some measure related to the gradient of the strain rate
called strain change. Again, I’m not sure if they really mean strain or strain
rate.

we meant strain rate. This has been corrected.

RC: But the gradient of strain rate, presumably converted to some scalar
measure, might be diagnostic of the presence of fractures rather than
predictive. For example, fractures/rifts/crevasses lead to large gradients in the
strain rate field across individual fractures. The fractures do not originate
because of the change in strain rate. The change in strain rate is telling you that
there are fractures present. I can understand why including this as a predictor
would improve results, but the causality in this case is almost certainly in the
wrong directly.



AC: We agree with the reviewer that the change in strain rate tells us that
there are fractures present. This is precisely why our new approach works.
We use this as a predictor precisely because it tells us where we can expect
fractures. Our method does not attempt to understand the process by which
the fractures formed. Rather, our aim is to identify where they form. We
would still discover new regions where crevasses form even if they was not
observed there in the first place for two reasons.

First, if there are no observed fractures but the strain rate is high it means that
fractures are not visible but should be still there (maybe covered in snow or
bad resolution images). Second, if strain rate is small we have other
predictors in the model to tell us if there are fractures or not.

Added to section 3.3 (ii1): “ It is important to note that the change in strain
rate is not the cause but the result of presence of fractures. However, the aim
of our study is to identify where fractures are present without attempting to
fully describe the process by which they are formed. Using the strain rates as
a predictor we would still discover new regions where crevasses form even if
they were not observed there in the first place for two reasons.

First, having no observed fractures but high strain rate means that fractures
are not visible but should be still present (they can be covered in snow or not
visible due to bad resolution of the satellite images). Second, if strain rate is
small we have other predictors in the model to tell us if there are fractures or
not.”

RC: I will also note that because ice is incompressible €, = —(&
+e&yy) and Equation 6 is not obviously correct unless one somehow
sets € ,, = 0. Finally, given that the authors include the effective strain

rate, why not also include the effective deviatoric stress invariant as a
variable (or the Von Mises stress)?

AC: We corrected the equations

RC: 2.6 Choice of variables used as predictors: Part 3 a
recommendation

My suspicion is that all of the variables included in the statistical analysis were
included because the authors found that they were needed to explain
observations (but see my earlier question about the reliability of the
observations). I wonder if it would be more physically useful to start with a



simpler model that **only** considers one or two variables. For example, can
the authors prove that various measures of strain rate or stress by themselves
are not sufficient to explain the observations? Two of the co-authors have
made proposals (Borstad and Morlighem) that could be tested given an
appropriate dataset. This alone would be a big step forward. Once, the authors
demonstrate that stress/strain rate measures alone are not sufficient, then I
think the authors could more easily motivate a more elaborate set of tests. But
these could be motivated by regions where the statistical model fails

AC: Following the reviewer's recommendation we ran additional
experiments with only stress measures.

RC: This would have the advantage of providing physical insight in
addition to empirical predictions. (Again, note my bias here towards
hypothesis testing.) For example, flexural stresses near the grounding
line/pinning points are key features that could result in fracture
formation and these processes are not included in ISSM. If this is the
case I would expect that fractures in these locations would not be
resolved. One could then include additional variables that could
diagnose flexural stresses. The advantage of this approach to someone
like myself, that is mechanically inclined, is that it tells me about the
processes that are important and need to be included in models.

AC: We added to the Methods a new subsection “Test runs with a small set of
parameters” and included plots showing a number of test results obtained
when only using the effective stress, when using principal deviatoric stresses
and the last when using von Mises stress expression. We now show in this
section that including only stress parameters does not yield a sufficiently
accurate model.

RC: What about fracture advection?

There is also an issue that the authors hint at, but don’t quite address
which is that fractures advect after they form. A consequence is that
places you observe fractures may be far from the places they are
observed. Because stresses and strain rates have not been constant, this
means that the state of stress when a fracture formed could have been
very different than it is now. Moreover, the fracture could evolve based
on the integral of strain rate/stress tensor invariants over the life time
of fractures. Some of the fractures observed may be diagnostic of stress
regimes hundreds or thousands of years ago and hence not that useful
to the analysis.



AC: The direct modeling of advection of the fractures is beyond the scope of
this research. We do not know just by looking at the images if the small
crevasses we select are initiated or advected in that particular location,
therefore we model surface crevasses without distinguishing if they are
advected or initiated ones. However, the fact that what may be advected
fractures are still visible provides information about the particular conditions
at a location.

To clairfy this, we have added: "Our main goal is to determine the most likely
location of fractures without focusing on their initial source, since we can not
claim if the observations consist only of initiated crevasses. Although we do
not directly model advection, the statistical model predicts the presence of
fractures (both initiated and advected fractures without distinguishing one
from another). The question that arises then is how do we know that the flow
regime conditions that caused opening of the fracture are the conditions in the
observed point and not the conditions upstream from the observed fracture (in
case of advection)? However, even if an observed fracture was not formed at
a particular location, but was advected with the ice flow it is still visible on
the satellite image. The fact that fractures can be seen indicates that there are
factors that act to permit the fractures to exist, whether they formed in that
particular location or remained open after being advected from upstream
(since another combination of factors could close the fracture).

RC: extremely frustrating because Figures 6a and 6b appear to show
the same ice tongue, but the size and orientation are completely
different making it impossible to compare.

AC: This was an accidental rotation of the figure, which we have now
corrected.

RC: - Figure 8, again with the cyan boxes? What do those represent
and why aren’t they included in the captions? - Why not use the same
color scale for probability as damage to make it easier to compare?

a previous reviewer specifically asked for the information to be
provided in a different colour. We have chosen to leave it as it is.

RC: 2.10 Writing and style



There were quite a few typos in the manuscript and these need to be
fixed to ease the exposition. Given the number of typos I wasn’t sure
if some of issues I found were typos or errors (see strain vs strain
rate). The manuscript needs a very careful scrubbing and editing to
tighten the prose. This should be supervised by the senior authors of
the study.

AC: The manuscript has now been read carefully by all authors.

RC: The context around different approaches is not entirely correct in
the introduction and background section. To my knowledge **no**
method has been able to simulate the diversity of calving regimes
observed. Damage mechanics is, in theory, able to simulate failure of
grounded and floating ice. However, the approaches cited rely on
small scale laboratory data, which may not apply to large scale
glaciers. Moreover, viscoelastic damage mechanics is an approach
that if often used to simulate the propagation of individual fractures.
This can be prohibitive in large-scale models. Hence, the approach by
Borstad et al. As far as I can tell, the approach by Borstad works
really well for the Larsen ice shelves and is quite promising for ice
shelves in general. I don’t think this approach has been applied to
grounded ice before. Similarly, the efforts by Levermann (eigen
calving) seem like they work OK for floating ice. The Von Mises
criterion (Morlighem) seems promising for grounded ice.

RC: 3 Technical comments
3.1 How damage is defined and calculated?

Damage 1s implicitly defined in equation 1, but the assumptions are a
bit unclear. The stiffness parameter is a strong function of temperature.
However, for ice shelves, we can often approximate the flow as plug
flow and thus the stiffness

parameter that is relevant is the depth averaged quantity:
_ 1 §
Bi— H/b Br(2)(1 — D(2))d=.

where H is the ice thickness, s is the surface elevation and b is the
bottom of the ice. Both temperature and damage will depend on the
vertical coordinate z and the integral cannot be done analytically. In
the special case that damage or temperature is constant with depth,



the integral can be done analytically. As far as I can tell, the authors
are assuming that damage is independent of depth and thus they write:

B;(z)(1 = D)dz = (1 - D)Br. (2)

and this leads to Equation 1. Given how little we know about damage
in general and its depth dependence in specific this is perhaps a
plausible assumption. However, the interpretation of constant damage
with depth differs significantly from the observation of surface
fractures in satellite images where it is unlikely that all fractures
penetrate the entire ice thickness. This might explain why damage has
little relation to observed crevasses and merits some comment.

AC: This is a good point, but again we iterate that the focus of our
paper is not the damage results but the agreement of our new statistical
approach with the observed fractures. Nonetheless, we added: “We use
the method suggested by Borstad, 2016 where it is assumed that
damage is independent of depth.” to provide clear reference to the
source of the damage model used.

RC: 3.2 Damage inference

There is also an issue with inferring damage based on the viscosity.
The inferred value will depend sensitivity on ice temperature. Errors
in assumed ice temperature will contaminate the damage calculation.
That is inevitable, but should be acknowledged.

AC: This is true, and we mentioned it the paper already: " Estimation
of B_T is the source of the main uncertainty in damage calculations
due to the lack of ice temperature data, which can be crucial in
affecting the accuracy of the viscosity parameter". To make it clearer
we added: “Thus, the errors in assumed temperature may affect the
inferred value for damage.”

RC: What is exciting here is that the authors appear to have
independent estimates of damage from satellite observations and this
suggests that damage can be compared independently (subject to the
many above caveats). [ would personally like to see more of this, but
that might be a different manuscript. Given my previous comments
about the weird places damage is inferred, I do wonder if the damage
calculated for some of the locations is fiercely contaminated by bad
temperature estimates. Damage on the Amery Ice Shelf seems to be



especially suspicious. However, because damage is always less than
unity and, [ assume errors in ice temperature are more gaussian
distributed, one might be able to examine the frequency with which the
model would prefer an ice viscosity that is stiffer than inferred from
the temperature field alone (negative damage). If this is vanishingly
rare than one would have significant confidence in the damage
estimate. Perhaps that is what is going on in some places, like the
Amery, where damage is inferred in unphysical locations?

AC: This is interesting, but is not the focus of our paper. We have
chosen not to add such information to our manuscript.

4 Minutia

RC: Low friction can lead to larger tensile stresses, but won’t this also
lead to larger tensile strain rates? If strain rates and stresses are
included in the model this seems redundant.

AC: In all cases, each group includes either strain rates or friction, not
both at the same time. We run an experiment replacing friction by
strain rates and found that the prediction success for some glacier
decreases by about 5%.

We clarified this by adding information on additional experiments
that we conducted: “Moreover, including both friction and strain rate
1s ambiguous since lower friction can lead to a larger strain rate.
However, by looking at the predictor data sets, we found that the
optimal choice of parameters for each group includes either friction or
strain rate, never both at the same time. We ran an experiment
replacing friction by strain rates and found that the prediction success
for some glacier decreases by about 5%. We therefore kept only
friction as a predictor parameter.

RC: Why does ice stiffness factor into the calculation? The fracture
properties of ice have little sensitivity to ice temperature? I wonder

here if this is getting at problems with estimating the temperature of
ice in ISSM.

AC: The reviewer is probably correct here. We don't include ice
temperature in our model because the resolution of the values is not
good. We found that using ice stiffness is a better indicator. We added:
“In addition, we include the stiffness of ice as well as thickness due to their



physical relation to fracture mechanics. When ice stiffness is high and ice
crystals cannot creep fast enough, fracture might occur. Therefore, this
parameter (obtained from the inversion of velocities implemented in ISSM) is
added as a predictor. Adding temperature directly into the analysis did not
improve the prediction results, which might be due to the uncertainties in the
temperature estimation "

RC: Page 6, line 10: What units are the friction coefficient and what
sliding law was used?

AC: The units is sqrt(s/m), however this section has been removed in
our editing of the manuscript. This has been added: Budd sliding law
(Budd et al. 1979)

RC: Page 7, line 13: What do you mean velocity gradients? Strain
rates are related to the gradient of the velocity. Do you mean that you
also include vorticity as a predictor or do you mean the gradient of the
strain rates? Also, how do you measure strains as opposed to strain
rates?

AC: We have modified the entire manuscript to refer to only strain
rates, not strains. Also, we removed "velocity gradients", since these
are not used.

RC: Page 7 line 26: missing space after Each
AC: Corrected

RC: Page 8, line 10: again how can you calculate strains from a
viscous model? I can see how to get strain rates from ISSM, but
strains seem to require an elastic component that is missing.

AC: It is strain rates. This has been modified everywhere in the paper.

RC: Page 8, line “to model a gradual viscous process strains have to
be taken into account” I don’t understand this statement. What is a
gradual viscous process and what does it have to do with strains.
Viscous processes are usually a function of strain rates. And this is
where I stopped noting small quibbles with wording.

AC: Corrected to strain rates
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Abstract. Antarctica and Greenland hold enough ice to raise sea level by more than 65 m if {hi€§) were to melt completely.
Predicting future ice sheet mass balance depends on our ability to model these ice sheets, which is limited by our current
understanding of several key physical processes, such as iceberg calving. Large scale ice flow models either ignore this process
or represent it crudely. To model fracture formation; which'is an important component of many calving models, Continuum
Damage Mechanics as well as Linear Fracture Mechanics are commonly used. However, these methods @ppli€diacrossithe)
(Antarctic’continent have a large number of Gincertainties? Here we present an alternative, statistics-based method to model the
most probable zones of fiicleation of fracturesWetest'this approach on all main ice shelf regions in Antarctica, including the
Antarctic Peninsula. We can iodelupt0/99% of observed ffactuires; with an average rate of 84% for grounded ice and 61% for

floating ice and mean Overestimation crror of 26% and 20%, fespectively thusproviding the basisormodellingicalving ofice
(shelves) We finid that Antarctic ice shelves can be classified into groups based on the factors that control fracture location. (Bh@

Keywords. Antarctic, ice shelves, glaciers, probability, calving, fracture nucleation, crevasse, logistic regression, bayesian

1 Introduction

In recent years, increased positive temperature anomalies have been observed in Antarctica (Jansen et al., 2007; Vaughan et al.,
2003; Johanson and Fu, 2007; Steig et al., 2009) and future climate change in this area may be even more pronounced (Vaughan
et al., 2003). This may cause the state of the Antarctic Ice Sheet to change significantly and could lead to a release of fresh
water currently stored in the ice sheet; West Antarctica alone could contribute up to 4.3 metres to global sea level (Fretwell
et al., 2013). Thus, understanding the factors that control the mass balance of the Antarctic ice sheet is crucial if we want to

better understand the future impact of climate change and contribution of Antarctic ice mass loss to global sea level rise (SLR).

calving from the major ice shelves between 1998 and 2003 led to @ growing concern about the ice sheet stability (Shepherd
et al., 2012).
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Overall, research on crevasse propagation started as early as 1955 and calving parameterization has been under development
for the last 20 years. It has been shown that the increased ice mass loss from Antarctica is caused primarily by an increased
number of calving events in the last two decades which Jed to significant ice front retreat (e.g., the collapse of Larsen B ice shelf
and [6téfitial break off a part of Larsen C ice shelf (Mercer, 1978; Jacobs et al., 1992; Katz and Worster, 2010; Gudmundsson,
(20133 Borstadietali2013))) Studies by Jezek (1984); De Angelis and Skvarca (2003); Dupont and Alley (2005); Goldberg
et al. (2009); Katz and Worster (2010); Gudmundsson (2013); Borstad et al. (2013) showed that increased calving can lead
to destabilization of ice shelves and thus to a loss of the supporting mechanism they provide to inland ice in Antarctica. This

support can be crucial for the overall stability of the West Antarctic ice sheet(MileSeiali2013)) as ifcanbepotentiallyunstable)
ANEASENGP strong basal melting and reduced ice shelf (Buttressing?

(Grdentoidevelop a reliable calving lawyitisiessential toknow where these fractures are located and how they evolve. [IlSl

ACEGNEsEa nd noneof the'current'studies have been looking at the Scalelof Antarctica and p method that can universally

describe calving at any ice shelf in Antarctica has not peen foufid yet)

(In'this'study, we focus on modelling of crevasses (surface fractures less than 200 metres wide) on the surface of the Antarctic
ice Sheet? Our model to predict zones GfffacCufeformation is based on a probabilistic approach, where we utilize the logistic
regression algorithm (LRA) to find a relationship that enables the prediction of fracture ifitiation? We @ppliéd'thiSiapproach to |
most of the Antarctic ice shelves as well as grounded ice regions around ice shelves in both"Westand'East’/Antarcticarand'to the

Antarctic Péfinslal Our approach ([SicomprehensivernithelSensenthatiit accounts for many potential parameters that include
geometry, mechanical properties and flow FegiE)MOTEOVERILIS bASEAORACOMbINALORONEMOE SensEAnAITodengNTho
(@atased of fracture observations (SibuiltbyicarefullymanuallySelecting thelocations) of Wisible fractures il satellite ifAages; after
hichiitiS CorectedNusing’a damage-based [OdENSUEEEStedlby) Borstad et al. (2013). USEhiSIObSEVAGORSANAIPTEdicton

parameters we were able to build a model that can describe fracture formation for many ice shelves in Antarctica. From -
modelling of 45 ice shelves/glaciers, we found that we can predict fractureflocations that match the observations Gfifractiures

with a success rate from jUSEBEIGW45%) to 99% with an average success rate of 84% (Figure (1@) for grounded ice and 61%
for floating ice (Figure (Ib)land a mean overestimation error of 26% and 20%(we found that the average success rate when

applying damage method to floating ice to be equal to 34%). Our best results were achieved combining LRA with Bayesian as
well as Jensen-Shannon Divergence theory described in section 3%

Wit mean GVerestimation error of 26% and 20% |
2 Background

2.1 Current state of calving computations in ice sheet models

A number of calving parameterisations have been developed and implemented in some software packages, but none of them
includes the propagation of fractures @ both [d€pth) and lictizéntal'Space? Most of the available parameterisations are specific
to a particular case and set of (predictors; or a lo€ation; and therefore cannot be applied generically to any ice shelf.
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Some jce sheet models, such as ELMER/Ice, the Parallel Ice Sheet Model (PISM), the Community Ice Sheet Model (CISM)
as well as the Ice Sheet System Model (ISSM), have attempted to include calving built on simplified physics (Alley et al., 2008):
ISSM has a calving algorithm for marine terminating glaciers derived from a tensile Von Mises yield criterion (Morlighem et al.,
2016). PISM uses a calving algorithm based on (@long'and across-flow strain rate (Levermann et al., 2012), which is based on
the correlation between the calving rate and the first order approximation of local ice-flow spreading rate (it includes spreading
rates of the first-order and assigns all higher order terms to zero). [The idea is based on the observations of the increase of
calving rate with along-flow ice shelf spreading rates and the spreading rates perpendicular to the calving front. However, it
considers only large-scale behaviour and does not take into account the formation and propagation of crevasses. [The second
method implemented in PISM involves calculating a calving rate based on the critical ice thickness, which is mainly used
to model calving of marine-terminating glaciers rather than floating ice shelves (due to different physics governing calving
between the grounded ice and floating ice). Most of the experiments with ELMER/Ice calving were performed for Greenland
glaciers, which have a different calving mechanism from the floating ice shelves in Antarctica (Van der Veen, 2002). The
Community Ice Sheet Model (CISM) assumes that calving takes place when the water depth reaches a certain value (Price
et al., 2014). This water-depth calving model uses flotation criteria to estimate the location of the glacier terminus. It allows
calving to be linked to glacier dynamics as well as surface melting when applied to marine-terminating glaciers in Greenland
(Nick et al., 2010). However, it cannot describe calving at floating ice shelves in Antarctica since thete floating part is simply
removed from the model (the water-depth relationship requires a glacier to calve once it floats).

A number of other approaches have advanced our understanding of calving and the main studies are presented in Table 1.
We'can'see'that)'to date, Continuum Damage Mechanics (Kachanov, 1958) and Linear Elastic Fracture Mechanics (Van der
Veen, 1998a) are the most common methods used to model fracture formatiomn, which is am important (process that needs to
beraccounted for Whem modelling calving. The WEEM approach by Krug et al. (2014) consists of calculating a stress intensity
factor around fractures and assuming that they propagate until the factor falls below a certain critical value. To apply this
method to any ice shelf, the modelled fractured zones need to be in good agreement with the observed surface fractures.
Therefore, modelling the f6rmation of the fractured zones is an important basis for the subsequent estimation of fracture depth
as well as calving and it éeds™to be described in the ice sheet models (ififafi’accutate’way: On'the other hand; the method
proposedB¥) Borstad et al. (2016) can describe both formation and (pétential evolution of fractures; however since this'approach
describesonly viscous (behaviour'itisstill'torbe'coupled with an elastic damage model (Borstad et al., 2016).

Invaddition) Krug et al. (2014) built an alternative scheme by combining LEFM and CDM and found that they could match |
evolution of a tidewater (glacier) This method is more complex {fi'€omMparison to the'other approaches Sggestedibeforei2014) as
it allows for both viscous and elastic behaviour and is able to reproduce development of small crevasses over a long period of
time. The ELMER/Ice model (Gagliardini et al., 2013) includescalving combining CDM and EEEM but this method has only
been applied to Greenland (Krug et al., 2014)"and'has'not yet been applied torice shelvestinAntarctica) There are a number
of Gther studies that proposed other calving laws (Pralong and Funk, 2005; Duddu and Waisman, 2012); but they might be not

applicable in a generalised large-scale case.
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Fracturing of Antarctic ice shelves can be seen in satellite imagery, with fractures occurring as often as every 50 m. Making
in situ observations of such fracture patterns in Antarctica is not feasible due to the very large regional extent of ice shelves.
Satellite observations provide the only means of making such observations but can be incomplete because of the very high
(fesolution requited toseerall the fractuires; and show can oftefrcover the fractiifes in (fages: It is for these reasons that inverse
methods are often used (Borstad et al., 2013, 2016). bécause of the [ficomplete knowledse of fractifinginAftarcticay the mair
factors that lead to fracturing in ice shelves/glaciers remain unclear.

22 Continuum Damage Mechanics approach,in ice sheet models

‘We utilise a damage-based model in order to compare it with the observations of fractures and to identify areas where it can and
‘cannot accurately predict the observations. We do not compare our probability-based model with the damage model directly;
rather, we evaluate their respective ability to predigt the formation of fractures in ice. It is important to note that physics-based
methods, such as Linear Elastic Fracture Mechanics (LEFM) and Continuum Damage Mechanics (CDM), are necessary when
modelling fractures in (Antarctica."We'do not intend to'substitute them; rather, we seekja method that CaNiMprove on some
aspects and cases when physics-based models do not predict well the formation of fractures. In addition, we use the damage
model to correct the observation of fractures in order to distinguish initiated fractures from fractures that are advected from
{upstream.,

‘The Continuum Damage Mechanics approach. based on the method suggested by Kachanov (1958), includes estimation of
damaged zones where the ice is softened duc to the presence of fractures. Damage is a scalar variable used to determine failure
of ice and nucleation of fractures. usually when the damage predictor reaches a certain value. Continuum Damage Mechanics
has been successfully applied to a wide range of engineering problems as well as to model damage at individually selected
ice shelves such as the Ross, Filchner-Ronne, Amery (Bassis and Ma, 2015), Larsen C (Borstad et al., 2013) and Larsen B
(Borstad et al.. 2016) ice shelves.

Itis important to distinguish between methods applied to invert for damage and methods used to model damage propagation
in ice sheet models. There are two different methods for inverting for damage. Borstad et al. (2012) suggested a direct inversion
for damage using a cost function. Later, Borstad et al. (2013) proposed a method to calculate damage as a post-processing
routine affter inverting for the ice viscosity. First, inversin of ice theology is performed following Larour et al. (2005), then
‘damage is calculated from the inversion of velocities at the ice shelves, which is based on minimising the cost function that
‘quantifies the misfit between the observed and modelled surface velocities.

‘The second stage includes propagation of damage. (Krug et al., 2014; Albrecht and Levermann, 2014) proposed modelling
the propagation of damage using an advection scheme and a source function. The main limitations of this method are the
(Choicerofwhat should be USed as a Source function as well as Ehenumber of decisiverparameters that definie’the damage
evolution (damage threshold, initiation threshold and the enhancement factor). The source function is the controlling factor in |
the damage propagation and Pralong et al. (2003) as well as Krug et al. (2014) proposed a source function definition. Both of
‘the approaches work well for a particular region, but control predictors in this model have been calculated for only one specific
glacier in Greenland (Duddu and Waisman, 2012) and through using small-scale laboratory experiments (Pralong and Funk,
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2005) and have not yet been generalised to be applicable to all ice shelves/glaciers. This models also have not yet accounted
for factors such as ice fabric and impurities (Borstad et al., 2012).

Recently, Borstad et al. (2016) proposed a framework where, instead of computing a damage source term as is usually
done, damage is part of a generalized constitutive relationship. This approach has a number of advantages as it allows the
lcalculation of ‘mechanical ice weakening and predicting degradation of ice shelves. This can significantly improve the accuracy
of identifying the zones where the ice is weakened by illuminating the uncertainties related to the source function. The main
difficulty comes from determining the constant parameters that define damage, because the validity of the parameter values
can only be tested when an ice shelf undergoes pronounced mechanical changes, as did the Larsen B Ice Shelf in 2002. The
Pparameters suggested by Borstad et al. (2016) have not been tested for other ice shelves apart from Larsen B, and so it is
anknown'whethier the approach isivalid for @Gtherlocationsand Settings)

In this study we use the damage inversion method proposed by Borstad et al. (2013) to identify regions where fractures are
initiated. This approach is performed in two steps. First, the inversion of rheology based on the misfit between observed and
‘modelled velocity is performed on floating ice. Then, damage is calculated using equation:

where By and By are viscosity parameters calculated from an inversion and initialisation of viscosity based on temperature
analysis, respectively.

Estimation of By is the source of the main uncertainty in damage calculations due to the lack of ice temperature data,
‘which can be crucial in affecting the accuracy of the viscosity parameter (Bassis and Ma, 2015). Damage is calculated only on
Hloating ice based on model inversions using the Ice Sheet System Model (ISSM) (Larour et al., 2012) because it is not possible
to distinguish between basal friction and damage on grounded ice, as they have similar effects on the ice velocity.

Tt is possible that some fractures are initiated upstream of the grounding line rather than on floating ice. It is therefore
important to be able to predict the formation of fractures in both cases. Thus, the main motivation of this study is not to replace
the danage approach; whichiin fact provides a strong physical background for ice sheet modelling, but to find an alternative
‘method that can be applied to both ice shelves and grounded ice, can work for a large set of glaciersfice shelves and does
not depend on temperature observations and threshold parameters. As described in Section 3.1, our model uses as input icc
sheet geometry and dynamics parameters in a 450-metre resolution, and we parameterise the model to depend upon observed
location of fractures.

strains, backstresses as well as friction coefficient and viscosity (calculated from inverse modelling). All our experiments were

performed for @46 ice shelf regions in Antarctica (see Figure 2a)j each including both ice shelves and the grounded ice around

100 kilometres upstream from the grounding line (hereafter referred to as ice shelf regions or ice shelf/glacier).
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ISSMiis a fully dynamic model that includes both 2 dimensional (2-D) and 3-D stress balance approximations and e rely
‘here on the shelfy stream approximation (SSA), as it is computationally cheap and suitable for modelling floating ice shelves.

To perform a simulation, we used SeaRISE air temperature, snow accumulation and geothermal heat flux (Le Brocq et al.,
2010yrasTclimateTforciigidatay We calculated changes of the surface temperature with a lapse rate and imposed it on the ice
surface. The data for the geometry of the ice shelves and surrounded grounded ice (bedrock topography, ice thickness and
glacier surface) were interpolated from Bedmap?2 data at 1 km spatial resolution.(We used these data as input for our modelling,
USiHgIISSM) and as the (predictorifactorsTiniiont probabilisticTmethodN(SEeNSEetionI3M)) The position of the grounding line
position is calculated using a flotation criterion.

Basal friction under grounded ice and rheology for floating ice were calculated from an inversion of velocities (Khazendar
(€tral72007): (Thennitial friction coetficient wasisetiequal) to 107 In the inversions we used regularisation to penalise sharp
gradients of the cost function, calibrated using an L-curve analysis (Morlighem et al., 2013). (Thefhcrizontalticervelocities
for the inverse modelling were taken from InSAR (450-metres resolution) (Rignot et al., 2011b, a) and we applied Dirichlet
conditions at the inflow boundary.

‘We set boundary conditions as follows: the upper surface is considered stress-free and friction is applied at the ice-bedrock
interface. We ran one simulation to create a stress balance solution per region (ice shelf/glacier), which allowed us to obtair
the factors required as input in the caleulation of the probability of fracturing.

(Ifisyimportant to haverafinetesolution'mesh in order to model surface ffactures; as the distance between them isnormally)
around 50-100 metres. However, using a 50- or 100-metre mesh resolution created a significant increase in the computational
time of the mModelTherefore; foroufexperiments; we used a multi-resolution mesh approach for the chosen domains in East

and West Antarctica as well as the Antarctic Peninsula. W@ first calculated all the main predictors on a 200-metre resolution

mesh (to achieve a faster computational speed) and then interpolated the values to a 100-metre resolution mesh (to use in our

fracture model resolved at 100-metres). (All further computations and analysis were performed) on thisfinermesh?

To develop an alternative method for modelling fracture formation in ice shelves/glaciers, we took into account that the damage
Variesfromi0 to (inyanprobabilisticysense) with OIbemgImotifractured and (beimgifullyMfractured) Wescan substituterthis
Pprobability with a likelihood function and can then apply this method to to derive fracture likelihood functions for both floating
ice Shelves and fhe @roundedicentt s ifportant to fotethatwhere fractures are formed (STAOHAEEESSary) where fheyiare visible im
satellite imagery. Fractures can be located in a certain place as a result of advection of fractures from upstream (high-advection)
(6rbecause of local (Stressesi(lowadvection)) (Colgan et al., 20016)7We) do not distinguishTbetween theserhigh=advection and
low-advection cycles in our approach. Our main goal is to determine the most likely location of fractures without focusing
on their initial source. Thus, to implement our ice calving model into the ice sheet models, we developed a statistical-based
parameterization for fracture formation in ice shelves/glaciers.
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[Evén if a fracture @id not 6 at a particular location, but @8 advected with the ice flow, it is (possible that'a certain combi-

nation (of factors could close the fracture; which would thennot be visible on the satellite image. The fact that fractures can be
seen indicates that there are EEftaifllother factors that act to permit the fractures to exist, whether they formed in that particular

location or remained open after being advected €i&f® from @pstream:USing thisStapproach; weldo ot directly model advec-
6 (tion, but'predict the'locations of bothrinitiated and advected fractures? First, we present our method (logistic f€gression) used
for predicting the formation of fractures. Second, we describe the predictor factors (predictors) we @iséd in our @nalysis: Fi-
nally, two methods used for optimising a set of predictor factors are presented (Bayesian based algorithm and Jensen-Shannon

3.1 The logistic regression algorithm (LRA)

10 Let the function P be a logistic function. Taking any range of data it produces values from 0 to 1 and thus it can be used as
a (probability (Hosmer Jriand ILemeshow; 2004)) The logistic function allows us to calculate the probability) of an event as a
function of different predictor factors (see Table 2))

15 proximity to the ice front and the grounding line, etc). Temperature and accumulation were excluded from the list of predictors
due o the incompatibility of their spatial resolution with the relatively fine 100-metre mesh we used to model fractures.
‘They might be important for the formation and propagation of fractures, as warmer temperatures can increase the number of
fractures, but a better resolution climate dataset would be needed to assess this. Excluding these two factors, we obtained a set
@f19 predictors thatweldescriberbelows

20 The data for building the statistical model are taken from 35 glaciers, we used another 10 glaciers (36 to 45) to test how well

our new approach predicts fractures from randomly chosen ice shelf regions that are not a part of the data used to build the
model.

To apply the logistic regression @gofithifi we constructed a function # (Eq. 2) that describes the probability of fFaCHuFesH a
certain node gs a function of the predictor factors x;. IffiSiimportant torfiote thatithis function @68 not provide any information

25 about the depth of a fracture, just its spatial location.

exp(Bo+ f1- w1+ P2 - 225 + B3 -x3;+...)

P; = Prob(X =1|z;) = ,
’ ( lz:) L1+exp(Bo+ Br -1+ B2 - 25 + 3 -235 +...) @
_ Where for @ is @n'elementiin‘a predictorarray (@ is the iumber of €e predictor @nd ; (Sarow number):
‘The unknown coefficients 3; can be found by maximising the likelihood function L (Eq.i3).
so L(8) =[] 1-r), [©)

Jj=1
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where n is the number of observations and § is the Kronecker symbol:

5 1, when there is a surface fracture visible on a satellite image

0, otherwise.

§"Magy parameters that are used for prediction of fractures on grounded ice are not applicable for predicting fractures on floating
ice and vice versa (for example, friction and bed slope are irrelevant on floating ice, whereas bacKkstress cannot be applied to
grounded ice). (Thereforeyall the experiments and sets of parameters used in LRA are constructed separately for floating and
grounded ice.

The calculation of some predictors was performed using methods already implemented in ISSM (e.g. stresses, (Strains;
@0 friction coefficient). S6Me predictors (e.g. Galculation of Curvature; distances to ice front) grounding lifie; proximity) to glacien
edgesiand munataks) were calculatedindependently of 1SSV USIngMEWalgorithms) Here we describe the methods we used

to calculate each predictor parameter as well €he description @f why each parameter iSTéXpecteéd’to) have an impact on €rack

Ppropagation.
(FifSg principal stress NiSimportantbecauseiithas a direct effect on the opening and closing of crevasses; the sign of the first

@5 principal stress determines whether it is compressive (negative) or tensile (positive).

ows =08 3

| LSecondyithe effective strain rate €g is included in our analysis because it is known that crevasse initiation is linked to strain

rates (Campbell et al., 2013). If the strain rate in the horizontal plane is sufficiently high, crevasses can propagate to greater

depth (Benn and Evans, 2010). In addition, stresses can trigger brittle ffacturing; buf) to model a gradual FiSCOUSIPrOcEsSIStraiis)
20" have to be taken into account.

‘We calculated this predictor in ISSM as:

ey B, ©

SWHEREERm =, 3 (5e= + 52 ) and wp are horizontal components of the (oW Velocities (INSAR))
25 The (prificipal'Straifis) are calculated as:
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[hirdfracTes CanbeRoTmMEdNZONes where strain EXperiences Significantvanations) Thus. he orizontal strain GrAdientis
Acluded as a predictor parameter)

(Fourthybecause back stress provides an additional compressive stress resisting the forward motion of glacier ice (Kenneally
6 and Hughes, 2004) Lt is also included in our model.
(Furthermore; 1ow friction will lead to a higher sensitivity to membrane stresses, which can lead to more crevassing in tensile
mode. We obtain this parameter from the inversion of yelocities in ISSM. |
In addition, we include the StffieSST6fice as well as thickness due to their physical relation to fracture fechanicswhere
w(P) is the ice velocity at the point of observations and v(E) is the velocity D metres away from the point. The distance
10" D'is based on the velocity magnitude v(P), because if the velocity is high we need to increase D so that two subsequent
(pointsicaptiire the @eometry of the bend6fa glacier) Thus, if v(P) is greater than 2000 m/yr we assign D = 3v(P), otherwise
D = 6u( ). These values are not arbitrary: this assignment is used in the model only to have enough data points to see the
local curvature of a glacier and it does not affect the calculation of the curvature itself.

Generally the lateral friction along the glacier boundary is not considered in ice sheet models when stress is calculated. HoW-
(15umever) the prediction of @@fgifial crevasses requires a parameterisation of the lateral drag. (Phereforeftherstressificldralonerdoes

not necessarily have the full ability to predict zones of fracture formation, because without the inclusion of the lateral drag
TSSO Al A Al SpIay S CrevaSSes eanibEIpFedietedy They are all formed due to opening stress and

are normally considered in existing damage modelling methods. Thus, we include the proximity to edges of glaciers and to
nunataks €0 our model.

20 We can see in the satellite images that more fractures @eeur at a certain distance from the ice front as well as near the
grounding line. We found that the relation between the oceurrence of fractures and distance to the ice front as well ag the
distance to the grounding line is non-linear (Fig. 2B)) For most ice shelves/glaciers we can see more fractures 3-5 km as well
as 10-13 km away from the front and a slightly smaller number of fractures closer than 3 km to the front or between 5 and 10
km. Therefore, instead of using dyr and dgy, (distance to the ice front and the grounding line in km) as predictor variables,

25 we construct dummy variables: DMy and DM gy, respectively, which represent two-column arrays in the following form:

when 3km < dir < 5km
or 10km <dr < 13km
DMif = when 5km < dyg < 10km (®)
when dig < 3km

else
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1,1), when 5km < dgr < 15km

(1,1)
(1,0), whendgr < 5km
DMgr, = ©)
(0,1), when 15km < dgr, < 20km
(0,0), elsej

There are a number of parameters such as jvelocity, surface slope and a curvature of a glacier channel that arg included jn the
calculation of the stress i€ld; but for our method we look at each component separately:
@ Thus, bed and surface slopes are included in the model since @RFAISEEEPETISIOPE) shear stress increases jand can lead to
fracturing (e.g. ice fall is an extreme case).
) Surface gradient change: if theéfelis’asudden change) in @Surfaceielevation the stress can (ficrease; causing fracturing?
(Curvatureit is clearly visible in satellite images that more fractures occur around horizontal bends in glaciers. Therefore, the

curvature of the glacier channel was included as a predictor, calculated ag: |

_ V2 (P) v (E) +vy(P) -
0 o= arces VISR, D) -

|, Finally, §ife® all predictor parameters have different units, as well as significantly different magnitudes, we normalise themy

gr =TT H , where pi; and o; are mean and standard deviation of the predictor variables, respectively. (an

(2

In order to obtain information about the location of fractures on the ice sheet surface we used satellite images taken from

Google Eaith-Pro, where iimages of the Antarctic icc sheet were available at different spatial resolutions. However. to be able

to see small surface fractures we limited our choice to only images with a horizontal resolution smaller than 10 metres for the

period between 2011 and 2015. Inadditions we included only regions with good satellite coverage (at leastone high resolutior
20 satellite image) and where it is relatively easy 1o identify surface fractures.

Many features can be observed on the ice surface and it is important to distinguish the surface fractures from other patterns
such as surface troughs due to bottom crevasses or subglacial channels. [fWasstuggested by Liickman et al: (2012) that features)
on the images that arc wider and have a larger spacing between them are more likely to be troughs linked to bottom crevasses.
In fact, Alley et al. (2016) proposed a way to distinguish basal channels and fractures on the satellite images. They classified

25 channels into sub-glacially sourced, ocean-sourced and grounding-line-sourced. Most of them follow the ice flow direction
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‘and begin either at the grounding:-line or downstream. Therefore, we avoided including such features when identifying surface
T g e e e 3 R e o i G SR P
fractures that @UEOASISIAISANGIPIEAIEN

Building correct predictions for fracturing F; requires the use of satellite images of different regions in Antarctica, as the
diversity in sampling provides a better estimation of the 5 coefficients (the number of observation points is less important).
Thus, by choosing multiple glaciers we can more accurately construct an approximate surface that separates fractured from
non-fractured nodes (the plane is determined by /3 coefficients).

To construct the set of observed fractures we manually selected fractured points as well as non-fractured points identified
in the satellite images. Non-fractured points are more difficult to identify, therefore we mainly take them from areas where
(high=resoltifion ifages are availablel Most of the identified non-fractured regions are located in blue ice regions, being areas
with low snow accumulation or where the snow has been removed by the wind. In such areas we can clearly see where the ice
is not damaged. We construct a field of fractures by assigning a value of 1 to fracture nodes and 0 to non-fractured nodes. We
assign nodes to be fractured only where we can see surface fractures that do not have features caused by present basal fractures
'or channels.

‘The resolution is not sufficiently high in all areas to clearly see every fracture, and some of them may be covered in snow.
This creates a large uncertainty in cells where we are not able to observe any visible fractures. Sometimes it is not possible
to say whether there are no fractures or whether they are just not visible. Thus, we adjusted our fracture field by using the
‘probability of observed fractures instead of the observations of fractures in order to make the observation field continuous as
‘well as to account for the uncertainties in our ability to observe accurately whether or not areas are fractured. In a node where
‘we could see a fracture we assigned the observed probability to 1. We then assumed that if there is a fracture in one node then
the neighbour nodes are more likely o be fractured as well. Within a radius of 500 metres away from the fracture we decreased
(the probabilify lifiearly ffom 1" t670755% If a non-fractured node was found within a region with high resolution imagery, we

assigned the probability of fracturing in this node to 0.05. Within a 500 metres radius of non-fractured nodes we allowed the
probability to increase linearly from 0.05 to 0.4. Iarall'cthernodesiwe set @wvalie of (O:5;assuming that) since the information

in the satellite image is ambiguous, there is an equal probability of the node being fractured or unfractured. We scaled the
probability field due to the fact that the statistical approach based on logistic regression requires scaling, s in general there are
‘more non-fractured nodes than fractured. In addition, scaling s required for the calculation of prior when applying Bayesian
inversion (it produces too large values when caleulating it without the scaling due to the fact that there are 4 large number of
‘non-fractured nodes (if the probability of fracturing is less than 50%)).

We did not need to select all the fractures on the ice sheet surface to build the statistical model but, in order to compare the
results of our model with observations, we constructed extra data sets where we made a concerted effort to select all the visible
fractures on the ice surface. It is possible that some fractures were missed due to the large spatial extent of the experiments.

However we do not present every fracture on the figures in this paper in order to make the figures legible.
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33 Random walk

‘We implement our method using a 100-metre resolution models for 45 ice shelf regions in Antarctica (including floating ice.
(and'surroundedigroundedice)) We started with a first guess (calculated using LRA and a #andoim choice of the predictor
6 parameters) and thep improved it based on three methods: random walk, Bayesian and Jensen-Shannon Divergence algorithm.
To construct the probability function for cach glacier we needed to identify a set of the predictor factors required to include
i the (ERATForeach glacier;, we performed a 100000-step run with random sets of predictors used at each step (thatiis;ithe
number GFPFETICIOS) and i@ selection of predictors are chosen at random gyery) step). We defined a good model to be the one

with a success of identifying fractures more than 70% and the error of Gverestimation'smallerthan 15% (however, if a good-fit

@@ model was not found after 2000 steps we looked for a model with a 65% success and 20% error). Once a good fit was found,
we saved it and continued running the model with different sets of predictor factors for the remaining number of steps to Seefif
a better model'could befound: Thiswalse provided a mean set of factors figeded for a@o0d=fif model.

332 Bayesian

To test the behaviour of the models with {oreélprecisionTand to choose jan optimal set of factors from the full set we @IS

@5 performed a non-linear Bayesian inversion. (ThiS/processhas the @dvantage of @lowinig §s to takeinto account URCETtaintiesin
the pbserved datad

‘We assumed that the prior probability density function (PDF) is uniformly distributed between 1 and 20 (U[1,20], because

fhe'maximum number of predictor factorsiifiaset is €qual to 20)3@8 a prior model e took a calculated fracture probability

at every time step. Each step included two criteria: if a new likelihood is greater than the prior likelihood or it is greater than

2onECeHain percentige N tkenaandon At each SEp)Ioh the GldNKeliliood)Weraecepy the model Finding an expression for a

likelihood fametion for our model was problematic. We tested a number of different commonly used expressions, such as:

Ly =) log(fi)
B =(1—p) %+l

(12)

Li ellog(fi)
fii = =pi)- (L=ds)+pi-di
A 425 where d; and p; are observed and modelled fractures on j (Glaciet; feSpectivelys
However, all of them produced very large likelihoods that increased dramatically with a small percentage change in proba-
bility density fufictionyfeachinganorder of 105 THiS was unrealistic and made the inversions unstable. [THUSY it was (iportant
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to choose a representative likelihood function. (Welconstructed alikelihood funiction'assuming) that the measure R of the total

agreement between two models (the sum of all probabilities) f6ll6wS a Gaussian distribution with a mean E (Eq. #4) and a

standard deviation ESASqUATENOOTORVATIANGE - describedimEquation 17y
(We'calculated the gxpected values for both 8 data and @ chosen model ps:

5 _ii (14)

N

B(f)=> d?+(1—d;)? (15)
N

E(fest) :Zp* cdi+ (1— ) (1—dy), (16)

where p° is the best-fit probability and the probability f; that two predictions agree in a cell  is calculated using Equation 13.
10 We calculated the variance as the difference between the two expected values (Eq. 17).

(©ur idea was to calculate the likelihood L; as an exponential function of the misfit between the data and the model, assuming

that either the data (observed fractures) or the analysed model contain an error (Eq. @8)0 A misfit @ (i) canbe calculated as
(157"the square of the ratio between the expectation for the data minus the expectation for the model and the variance of the data;

obs\ __ predy\2
L= o RO o, ) = )P as

In addition, the area of each ice shelf region is an order of 10%km?, which leads to a very large sum of all modelled

probabilities between 0 and 0.5 and therefore an extremely large likelihood (note that these values should not be confused with

0 and 1 values set for observed fractures only). In"ordértorachievie a fore realisticimagnitudeofithe likelihood function we
20 needed to re-calculate the estimated probabilities by scaling them between 0.55 and 1. To do this we assigned everything below
0.55 the “non-fracture?? value of zero and scaled the remaining values to the range 0 to 1.

For a prior model and prior scores, we took the best-fitting model from the random walk search described above. First;
(Werperform a Bayesian analysis for 500 steps, then narrowed down the selection and accepted only those models that had

likelihoods greater than 90% of the best likelihood.
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314 Glaciers classification and Jensen-Shannon Divergence (JSD)

In order to select a set of predictors for a general case and find whether it is possible to finid a set that can be used for any
glacier,) we (@tilisedensenDivergenceralgorithimiiWe started with the construction of a binary array for each (glacier; where
the number of rows represents the number of good-fitting models for @glaci€r and the number of columns represents the 20

predictor factors. INext;We found the average occurrence of each predictor:

N .
A = Ej:l\ﬁ] (19)

NAN

where ¢ € ([1920]) is the predictor index, NV is the number of good-fitting models. k; = 1 when the predictor is included in the
g00d=fit model 7 and O otherwise.

From'thiswe could find how often a certain predictor was included in good-fit models. If a predictor was selected more than
50% of the time then it was assigned as a potential for @best=fit model; otherwise it was set'to'0) Thus, we obtained a 34%20
array (34 glaciers vs. 20 predictors) that consisted of 1 when the predictor was included in the best-fit model and O otherwise.

Next, we classified the glaciers in groups. There were a large number of possible combinations to select such groups.

| Therefore, we constructed a test that assessed every possible combination and calculated a percentage of similarity between

glaciers in a group (Eq.(20):
M
S= o 100, (20)

where M is the number of matches between sets of predictors for two glaciers and .S is a group number.

We found that we could categorised all 45 glaciers in 4 different groups, with Group 1 having (glaci€fs) that can be more
easily combined and Group 4 being a more narrow group of specific (Glaciets) that can not be placed in any of the other three
groups.

The JSDI can be used as a tool to measure the distance between two distributions and can provide a value that we can use to
assign a particular @lacier to one of the groups. « TheISD formula is widely used in statistics to measure a divergence of one
probability distribution from another. (To'Validate ouir approach; we applied the'additional Jensen=Shannon Divergence method
(ISD))to identify the similarity between the best probability for each glacier and a probability calculated by placing the glacier

in a certain group The Kullback-Leibler divergence is defined as:
1 1
JSD(P1||P2) = 5 D(P1[|M) + 5 D(Py||M), 1)

L where D(Py||M) = S )(Pylog(Py 9 D(P,|| M) = S)(Pslog(Ps/ VD)) rare conditional PDFs) M/ = 2t P2 and @y P, are
'S A 2
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the new probability (when assigning a (glaci€f to a new group) and the old probability (the best-fit model), respectively. Both
probabilities P; and P, have to be normalised before applying Equation 21%

@) Repults |

4.1 Summary

We applied the LRA method combined with the random walk method to 45 ice shelf regions that include both ice shelves and
surrounding grounded ice (the corresponding names and theflocation can be found in Table 6 and Fig. 2aj respectively) and
found a best-fitting model for 44 of them. The fracturing of the Gthertwo ice Shelves/glaciets) cannot be described using the
predictors we have, producing unacceptably large or small probabilities. In total, for each ice shelf/glacier the random walk
analysis gave a number of possible sets of predictors that can produce a good-fitting model. We combined all of these possible
sets for each glacier to see which predictors are always present in the good-fitting model and which ones are never included.
The results of the random walk and the Bayesian inversion (gféed well. Most of the essential predictors for each particular
glacier selected in the Bayesian approach were also chosen when performing the random walk. In most cases, the Bayesian
analysis showed equal importance of most of the predictors although effective strain rate and velocity had a slightly higher rate
of fhieipetcentageof selection. There was no universal set of factors that could be used to model all ice shelf regions. However,
subsets of glaciers had some similarities in terms of the predictors that had to be included in order to achieve a good-fitting
mode].

Thus, we @ssighed) the 45 glaciers into 4 groups, requiring that the deviation from the best-fit models did not exceed 5%.
Afterthat we performed a test to(identify if this selected sets were the optimal choice, by estimating the deviation from the best
solution using the Jensen-Shannon Divergence algorithm. We assigned each glacier to a particular group based on its minimum
value of the deviation from the best-fitting model in JSD analysis. By'doinig this we slightly modified the members of each
group that we had previously created. For example, Glacier 27 belonged to Group 1 previously and it fit well with only a slight
change of the best-fit score. However the JSD showed that if we move this glacier to Group 2 the deviation frgm the best-fit
decreases from 0.01 to 0.003. However, we had to take into account the fact that the JSD algorithm measures the total distance
to the best-fit probability and, thus, can decrease the Gverestimation error biit at the same €@ significantly decrease the success
rate (Glaciers@0313) 15, 11, 30, 32). Therefore, since these six glaciers are of a similar type to the glaciers in Group 1 and their
JSD was similar for Groupl and Group 2 (e.g JSD=0.02 in Group 2 and JSD=0.0205 in Group 1) they were assigned to Group
1 to avoid a decrease in the success rate of identifying fractures.

Finally, to reach an optimal agreement between our model and the observations of ffactures we assigned each glacier to a
particular group and the set of factors for each group are presented in Table 3 and Table 4, 5, respectively. (Thusy#We found that
the sets of predictors for each group varied significantly, however yelocity was included in the grounded ice set for all groups.
For the floating ice the analysis showed that jvelocity was not a determining factor in predicting fractures, instead effective
strain rate as well as stress principal ¥alue’was present in each predictor set. (Fheldetailedicharacteristicsiof eachigroupiare

described below.
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To estimate how well our probability model and the damage model identify observed fractures we calculated the percentage

of success and error for each ice shelf/glacier model. First, we found the number of cases when there is a modelled fracture in

the vicinity of an observed fracture (within 100-metres radius). (Phenjweldividelthisnumber by theltotal numberof observed
fractures and find the percentage of success.

To find the percentage of failure we calculated how many times there is a modelled fracture when there are no observed
fractures within a 100-metres radius. (WeldiVidelthisSinumberby thelfotalinumberoffon=fracturedinodesstorfinditherfailire
percentage.

While the success of identifying fractures on floating ice 8 lower than for grounded i€efitiwas still able to €ateh the main
fracture (pattern) and the success rate was Sighificafitly) high for the majority of glaciersisee Fig. (1@)) Our method is able to
identify up to 99% of the exact location of fractures on grounded ice with #h& average §4% (Figure(l@) and 61% for floating ice
(Figure (Ibywith'a mean Gverestimation error 6f 26% and 20%, respectively. There are many cases where our method agrees
with the results produced Whentising) the damage-based approach. However, in almost all cases the success of LRA on floating

ice was @lightl§) higher than of damage-based method with the exception of two glaciers. (Althicughlifisiclearthatitheldamage™
‘based method has a relatively high success rate due to the fact, that initially we included nodes with damage over 0.9 to the set
of observed fractures, we added damage variable as an additional predictor parameter to glaciers in group 1 and found that it
improVes e SeeesS ateoRANMINEMACHIes) Overall, for all four @ROUPSIWEICANSEE HATINIMOSEEASES where we could not

achieve a high score using LRA, the damage-based method did not produce a high success score either (see Fig. (b))
@42 Groupl

This was the largest group of glaciers and the best-fit model includes as many as 10 predictors for grounded ice and seven
predictors for floating ice. The analysis of the estimated coefficients in LRA showed that predictors with the highest weights in
our model for this group of glaciers were: effective strain rate, proximity to glacier edges and nunataks as well as the surface
elevation gradient. We present the modelled probability jn Figures @b and 8@ as well as comparison with the damage-based
results in Figures 6@ and 9¢)

The main pattern of surface fractures is well represented for this group. On grounded ice the success of identifying fractures
is larger than 88% with a quarter of glaciers at almost 100%. The failure related to @Verestimation of fractures is 27%. On
floating ice the success amounted to 55% and the failure was equal to 15% on average. For Vanderford IS (see Fig. @b) the
overall pattern is well represented, even though high resolution images were not available for this glacier. The Gverestimation
error is mainly related to the region that is far from the ice front and has a relatively high accumulation #ate» On floating ice
the probability of fracturing is relatively smaller, mainly showing higher chance of fracturing closer to the groundling line.
Conversely, Drygalski Ice Shelf has a larger number of high resolution areas and, as a possible result, less Gverestimation
of fracturing (see Fig. 3€)) We can see that the ("défifiitel§) non-fractured nodes" (selected in blue ice areas) are successfully
represented in our model. For this @la€iéf none of the observed non-fractured nodes was assigned to have a high probability of
(fracturing In'most'of thoseTnodes the modelled probability was as low as 0.1. Moreover, WelcaniSeéeithat in the regiong with
a large number of observed fractiires the probability is as high as 0.9 and @8 slightly 1€88 in the areas with a 16Wef number of
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observed fractures (between 0.6 and 0.8). Although'there are observed fractures thatiwere not captured by the model i€y were
not captured by the damage-based model either.

‘We compared our results to the damage-based approach based on damage inversion and the results for the Cook ice shelf are
shown in Fig. b2 There are distinct fractures visible towards the front pf the ice shelf that are not captured by (bothiapproaches)
(Suggesting that most of them are formed further upstream near the groundling line. IffisTalS6'possible that the fractures atithe
central part of the ice shelf are advected from the locations where ice is grounded, which is well represented in the probability-
(GasedmodeINTHS probability and the @amagebased models show @ good agreement on floating ice.

The modelling results for Larsen B IS are illustrated on Figure 9€) It is clear that the nodes where damage is high have a
high probability of fracturing due to the fact that we added damage as one of the predictor parameters to this glacier. It can be
also seen that there are two lines of high probability of fracturing that coincide with the location of the large rifts that can be
seen on the satellite images.

(tisiimportant to'note that'the results for Nansen IS (Fig. {7€) as well as for Pine Island (Fig.5a) agree with observations
el even though the data from @Was not included in the data set used to construct the model. For Pine Island we eam observe
fractures in the central part of the shelf that were not captured ByithelimodelN Theyweremotemoved by theldanagesbased filter
(as there were no damage upstream on the floating ice. However, our results show that the chance of fracturing upstream where |
ice is grounded is high, suggesting that the observed fractures are possibly formed at the grounded ice zone.

4.3 Group 2

The gsecond group of glaciers has the best-fit when the bed slope is excluded. Effective strain rate and surface slopes were found
to be the most important predictors in the model for this group.

For this group the LRA method predicts fractures with a 70%-90% success on grounded ice and finds about 67% of observed
fractures on floating ice with an Gverestimation of 25% and 27%, respectively. In most cases the model represents the non-
fractured nodes with high precision, except for the slight GVerestimation at the front of the ice shelf. Similar situations are
observed for most glaciers in this group: the area of floating ice is relatively small, thus the main prediction is performed for
grounded ice. For, example, for Edward VII IS and Rayner Thyner IS (Fig. 3@ and @bj respectively) the modelled probability
captures most of the fractured as well as non-fractured nodes on grounded ice with the exception of a few very small regions
that are outside of the high resolution image areas.

Interesting results were found for Larsen A IS (see Fig. @a) showing a very good agreement between our model and the
observations. We can see that the nodes observed to be non-fractured and located within the high-resolution regions @reralse
Showiito have lessichance of fracturing Whenusing LRA method. (When'éomparing) the LRA resultsiwith'the damage-based
results for Shirase IS (Fig. (I0a)Wwe can see that both methods prodiuce similar #&SHlES on floating ice, although LRA method
captures a slightly higher number of fracturestasiwell'asiis’shows that most of the fractures are formed further upstream on

grounded ice.
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44 Group3

This group includes 4 ice shelf regions, namely Totten IS, Nivl IS, Dibble IS and Holmes IS. These glaciers were very sensitive
to the choice of predictor factors and the JSD process could not assign them to either of the two (groupsimentioned above? The
mean success rate for this group was around 93% with an (GVerestimation rate just above 23% on grounded ice, and 56% and
23% success and error on floating ice, respectively. [fiterestinglyyfor Tottenonlylacertain'setiof factorsicanproduceralgood fit
to observed fractures. For this glacier, including the back stresses in the model produces a slightly smaller number of modelled
fractures? Potentially, in the model for this group we could include the proximity to the ice front since it produces slightly
better results for 3 of the 4 glaciers. However, it lowers the success rate for Nivl IS significantly. Thus, in order to achieve a set
that would give a good-fitting model for all of the glacier we exclude back stress and the ice front proximity from the list of
predictor factors for this group.

In terms of results for Holmes IS (Fig.7a)jthere was @ good agreement between damage and LRA models as they both were
able to predict the main fracture (pattefn; but LR A €@ptured the ©bservations slightly better, especially at the front of the ice
shelf. Similarly, for Dibble IS (Fig. 8€)) both methods produced similar (patterny although With a higher Gverestimation'error
when using LRA.|Nevertheless, LRA method was able to more precisely estimate fractures at the western part of the ice shelf.

Finally, we present the result for the Totten IS (see Fig.[0§)3 The images we used for this glacier were very hard to interpret
due to the presence of many features on the ice surface as well as the low resolution of the imagery. The LRA model as
Well'as Damage model capture most of the fractures we could observe on floating ice, displaying similar distribution patterns.
Although, the ©verestimation is relatively high on grounded €@ it is @@possible) to say G there are no fractures there and pur

model shows @verestimation for this glacier or fractures are not visible due to the low resolution images.
4.5 Group4

This group includes Larsen C, Amery, George IV and Borchgrevnik IS. The average success and error for this group amounted
to 66 and (ISpericent and 56 and 207pereent for floating and grounded ice, respectively. The most important predictor factors
in this group en floating ice are effective strain rate, surface gradient change and thickness, while for prediction of fractures
on grounded ice curvature and yelocity need to be included in the model. For all of the (glaci€fs) in this group we found that
including the ice front and grounding line proximity distorts the model, increasing significantly the error due to GVerestimation
of fractures. For Borchgrevnik IS it also 1€ads to a drop of the success rate of fracture prediction. In addition, Larsen C and
Amery Ice Shelves can be grouped together but cannot be included in any of the groups mentioned above. For these glaciers
only a small number of predictors fiee€d to be included in the model. The Bayesian analysis also confirmed the sensitivity of
the Amery fracture model to this set of predictor factors. The LRA model for Amery IS (Fig.(§b) was able to capture most of
the fracture pattern on the grounded ice and near the edges om floating ice [demonstrates a similar pattern to the damage model.
For George IV (Fig. 8b)) we eam observe a very good agreement with observations both on floating and grounded ice. If7alS6
shows high probability of fracturing in most location where the high damage zones are predicted. Overall, for both ice shelves

we can see that the majority of fractures are formed further upstream ffém the grounding line.
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5 Glacier Characteristics |
51 Groupl

The ice shelves/glaciers in this group have a number of characteristics that distinguish them from other ice shelves/glaciers.
Most of them are relatively wide with a large floating area. The floating part is not restricted by any channel walls and the
width of the shelf is similar to its length. All glaciers in this groups are relatively static, with less curvature or significant surface
elevation changes. However, there were two exceptions: Abbot IS and Drygalski IS have slightly different characteristics. First,
Abbot is a wide glacier that €affies most of the properties of Group 1. However it has a large number of glaciers that restrict
its outflow towards the ocean and, therefore, it has similarities with the glaciers from Group 4. This observation is in good
agreement with the JSD results that showed that Abbot ean be assigned also to Group 4 as the change in JSD distance in this
case would be very small. Second, the JSD results showed that Drygalski IS could be as well placed in Group 2 or Group 3.
We'can'see'that'this ice shelf has some characteristics similar to Group 2 (large number of nunataks) and Group 3 (a very long
floating tongue). Therefore, we suggest that some glaciers have mixed features of Group 1-Group 2 (such as Vanderford) or
Group 1-Group 3 (Ekstrom, Tracy-Tremenchus, Rennik), however they still have more characteristics of Group 1 and produce

a better-fitting results when assigned to this group. i
5.2 Group 2

This group includes a relatively smaller number of ice shelves/glaciers. All of the ice shelves/glaciers have a large @mount of
nunataks and smaller ice thickness as well as many small narrow channels and fast ice streams. They are mostly located on the
Antarctic Peninsula or near the Trans-Antarctic Mountains. All of the ice streams are relatively steep which may explain why

it is necessary to include surface slopes in order to achieve a good-fitting (probability:
5.3 Group3

Group 3 glaciers were found to have many similar features. Most of the ice shelf regions have one relatively long glacier that
flows inside an embayment. For most of them the (glaciéflength is much higher than the'width and they all have a very low
glacier channel curvature. The yelocities of these ice shelves/glaciers are relatively high) which €an'explain why i@ changes in
strain rate and yelocity are the most important predictors for this group.

Interestingly, although the average back stress for Totten IS is one of the highest out of all 3% ice shelf regions, including it
in the model does not significantly change the (probability of a'fracture’ Thus, apparently, even havinglarge magnitudes these
predictors make just minor contributions to the constructed probability and #® other predictors govern the fracture formation
for the Totten IS. The effective strain rate is also one of the highest for Totten, but we found that it is not this predictoy that
mostly contributes to ffactureformation; rather it is the effective strain rate gradient. Thus, sudden changes in the flow regime

of the glacier would be the most likely cause to promote an increase of the number of fractures.
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5.4 Group 4

The JSD analysis has shown that Borchgrevnik IS could also be assigned to Group 1, but it produced slightly better results
being placed in Group 4. On the other hand, Amery and Larsen C need to be strictly assigned to Group 4 only. George IV IS
and Amery IS have similar characteristics as they are both narrow and long (in fact much longer than any other(glaciets of this
type in Antarctica) and are located inside an embayment. ([FiifthetmoreyGeorge I VIISand larsenClSiarelbothilocated nextito
eachietheronitherAntarctic’Peninsulad Although Larsen C IS is not inside an embayment, it is a significantly long and narrow
ice shelf stretching around the coast. Borchgrevnik IS also has similar features to the Amery and George IV ice shelves as it
is of a similar shape and is located inside a narrow channel. However, it does not have exactly the same characteristics as the
other ice shelf regions in this group as it is much shorter, which could be why JSD showed that it ean be placed in Group 1.

On the Amery IS (see Fig. 8b) most of the fracturing occurs upstream @ffthelgroundingilinerasiwelllasiatitherwalls) of the
glacier'channel’) There were a number of fractures (right hand side of @ Fig. @b) close the the ice front of the glacier) that
could not be represented by our models. However, the uncertainty of the fracture observations in this area is high due to the
difficulty distinguishing them from the surface features caused by basal crevasses.

Adding the proximity to the grounding line and the ice front did not produce a good fit for the Borchgrevnik IS because of
the specific shape of this region. The distance between the front and the grounding line is very small relatively to other glaciers

in our analysis.
5.5 Discussion

We found that, in general, the most important predictor factors to model fractures for all analysed glaciers (@fifgtoundedyice
were velocity and Wariations of the surface gradient, which is in agreement with the theory of possible mechanism of fracture
formation (Colgan et al., 2016). Interestingly, the required parameters on floating ice were (difféfént; with effective strain rate
and principal stress being the most important. Jifaddition; previous analysis based on damage accounts for effective stresses,
thickness and viscosity, but does not include such predictors as proximity to glacier edges, nunataks and the grounding line as
well as the curvature of a channel, which helped to improve the modelling of the'fractureformation on most ice shelves in our
analysis. Our results can be used (iiPARtarctic1ogisticsiiniorder to determine snow covered crevasses @s they can be a potential
hazard for navigation in Antarctica. Many researchers use ground penetrating radar to find hidden erevassey but it is a real time
assessment method that requires both financial and human resources and, therefore, can not cover all the areas in Antarctica.
Our approach can be done remotely and at low cost, in advance of field campaigns.

We do not claim that all the predictors that were chosen in the final set for each group represent the exact fracture mechanism
for each glacier. (Welcan'see'that) for some (glaciers) sets containing different predictors can lead to results close to the best
fitting model. However, for some eases such as Amery and Totten Ice Shelves the number of good-fitting models is very
limited. For example, including the ffiction'coefficient and proximity to the ice front in the analysis we can achieve a better fit

to the observations, Therefore, we conclude that some factors have a very strong effect on {facture formation process and some
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Stillhaveraneffectibutifi® minor for some glaciers. Ultimately, we seek only to be able to develop a model that can identify
correctly the geographical location of fractures, not meeessary) explain why they are there.
The main uncertainty of our method Comesffom the GVerestimation of the number of fractures. (We'dornot know how many)

fractures are not visible on satellite images as well as it is not certain if the damage-method with given parameters can predict
fractures for any given ice shelf, therefore it is uncertain what overestimation rate we should allow in our model. A possible
solution to this could be to supplement satellite images with radar and seismic measurements (Navarro et al., 2005; Delaney
and Arcone, 2005) or to acquire higher resolution satellite images that can help to identify location of fractures even if they
are hidden under the snow surface. However, for our method it would require a large set of observational data. In our paper

we assume that 20-25% rate of over-estimation Should'be'reasonable:"We can'see'that most of our results show Gverestimation

P fractureormation in the areas around observed fractures. [SSHOWSESWEllNANOUROVeTeStimationmightbereasonable
asfiEces aremoreNlikelyitolberfommed T e otenfactres alieadyIpresentieabyy Our assumption is based on the

fact that the ice regime conditions are similar within a 500 metres radius, not implying any direct influence of the old fractures
to the new fractures (Colgan et al., 2016). In addition, the area of high probability of a fracture is larger than the number of
observed fractures mainly due to the fact that it is @possiblé to select all of the fractures on the satellite images manually. The
(Selected observed fractures capture the main areas of fracturing assuming that surrounded nodes are likely to be fractured as
well.

(Theroverestimation of the fracturing (ifithelcaserctVanderfordi(SEeFigi4b) can be Seenimaifly) at the front of theliceshelf)
(Thet® is a very high chance of developing surface fractures in that @féa‘and thereforeit might be that €@ fractures jare just
not (ye visible on the satellite images. In fact, that region has a relatively high snow accumulation rate reaching 1 m/yr. After
closer inspection of the satellite image areas where we see the over-estimation error, we can recognise the presence of surface
fracturesbut;due to a very large number of fractures around Antarctica, the manual selection of all the fractured data points is a
time intensive process. Sampling with a higher spatial density would require an automated algorithm. However, (fiiSifiportant
(foriGterthat the low spatial density sampling does not influence the results of the fracture probability (as mentioned previously
only diversity in sampling is important), it affects only the observations data set that we use to estimate the success of our
model. Thus, under-identification of fractures can lead to an apparent Gverestimation of the error.

The damage-based approach sometimes produces areas of high damage downstream 61 the observed fractures (Fig.8@))1f
we assume that there are some fractures that are ifvisible on the images it is still unclear why the modelled ice is not damaged
upstream where observed fractures are present. If we could see damaged ice upstream from the observed fractures we could
assume that the ice was damaged and transported downstream where we can see fractures. However, in many results based
on the damage approach we could not identify this type of behaviour. Even after correcting the observations of fractures by
back integrating the flow of ice, we still can find fractures that do not have zones of high damage downstréam? In addition, the
method based on damage inversion predicts only damage on floating ice, whereas fractures are often formed upstream from
the grounding line. In €he probability-based model this type of behaviour @ceoumnts for and in most cases (Overestimation of
fractures oeeurs in @ vicinity pr upstream oM observed fractures. In Figure 7& we show modelled probability of fracturing
for Holmes IS. We'can'see'that'the'overestimation rate is quite small and it all occurs upstream fom the observed ffacturesy)
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_, which might be due to fractures that were formed further upstream being transported downstream where they are invisible on
the satellite images.

We looked at various properties of (helice shelves/glaciers for which we could not find a good approximation using any

of the 19 predictors (part of the Ronne IS, for example) . We found that some estimated predictors had extreme values. For
example, we found that rheology of Larsen B is the lowest out of all glaciers in our analysis; the ice thickness and proximity to

ice 2 anuchin: liae wreie Jie soalllest il mione, L 2as (e GEliEs skl v & e e wielll g e iz nes, e Sllzvaio)
(ChangenOnitherstherhiand) Ronne IS has the lowest elevation change as well as the principal stresses components. We do not

have enough samples to cover values that are non-typical for the majority of glaciers, which fight'béthefeason) we could not

find a good-fit model for fhesexworglaciersyThie analysisioNiEse o ice Shelves/glaciers using BayesiamAnIySISProduced
similar results, confirming that including any of the 19 predictors do not produce a good likelihood in those regions. Thus. we
conclude that our probabilistic model is not appropriate o these two glaciers)

©® Conclusions

Most previous (afgerseale modelling of fracturerformation has B&&f focused on applying Continuum Damage Mechanics.
(However, we have shown that, using the suggested nominal (parametersthis approach does not fully reproduce the mature of

fracturing for any ice shelf fegionand thelocationof fracture formation Sometimes has alargeeron In this Saidy) we lookedan
this problem from a different perspective by constructing a probabilistic model based on the observations of surface fractures.

(Thermain'advantage of the'method is'thatiit can M6del fractured zones not only on floating ice but also on grounded ice.
We found that Logistic Regression@falysiS)combined with other statistical Meéthods can significantly improve the prediction

of fractureformation for the Antarctic ice shelves/glaciers and can lead to the identification of up to 99% of observed surface
crevasses for some ice shelf regions with an average of 70% for all ice shelf regions. Our approach has a number of uncertainties
and leads to some Gverestimation of the number of fractures in comparison to the observations, but the rate is not significantly
higher than the Gverestimation error found when using the damage-based method. However, damage-based method hélped

nitiatedana Zones where ey were advectedyaliiough location of many fractures @idioUhaveNmodelled damage downstream |

suggesting an underestimation when applying the damage @ethodyiif is possible that damage-based method needs to be tuned

for every ice shelf(Separately)
We classified the Antarctic ice shelf regions into 4 gfoups.Each) group has a set of factors that can be used [itheNEOgistic
Regression Analysis (o estimate the probability of fracturing in a certain location. We also found that the ice shelves/glaciers

(ifveach group have similar characteristics. There were ice shelves/glaciers of specific shapes and having specific regimes that
are more difficult to describe applying the general set of factors suggested in this StudyHOWeVer) overall our method Canwork

@s a tool that can be €ffiGi€fifl§) used in the analysis of fractureformation for most of the ice shelves/glaciers in Antarctica.

4 Our model is easy to implement and can be effectively used as a basis and first step in implementing a calving parameteriza-

tion in ice sheet models. Being able to accurately predict zones of formation of small fractures provides the basis for modelling

22


Compare: Move�
artifact
This artifact was moved from page 22 of old document

Compare: Delete�
text
"fractures,"

Compare: Replace�
text
[Old text]: "visible"
[New text]: "invisible"

Compare: Replace�
text
[Old text]: "Ronne IS"
[New text]: "the ice shelves/glaciers"

Compare: Replace�
text
[Old text]: "17 predictors."
[New text]: "19 predictors (part of the Ronne IS, for example) ."

Compare: Insert�
text
"some estimated predictors had extreme values. For example, we found that rheology of Larsen B is the lowest out of all glaciers in our analysis;"

Compare: Insert�
text
"ice thickness and proximity to the grounding line were the smallest. Furthermore, it has the highest strain rate change as well as the highest surface elevation change. On the other hand,"

Compare: Replace�
text
[Old text]: "may explain why"
[New text]: "might be the reason"

Compare: Replace�
text
[Old text]: "this"
[New text]: "these two glaciers. The analysis of these two"

Compare: Replace�
text
[Old text]: "shelf, neither with LRA nor"
[New text]: "shelves/glaciers"

Compare: Insert�
text
"Bayesian analysis produced similar results, conﬁrming that including any of"

Compare: Replace�
text
[Old text]: "Bayesian analysis."
[New text]: "19 predictors do not produce a good likelihood in those regions."

Compare: Replace�
text
[Old text]: "in this case. 7"
[New text]: "for these two glaciers. 6"

Compare: Replace�
text
[Old text]: "large-scale"
[New text]: "large scale"

Compare: Replace�
text
[Old text]: "surface fractures"
[New text]: "fracture formation"

Compare: Insert�
text
"been"

Compare: Delete�
text
"zero stress, Linear Elastic Fracture Mechanics,"

Compare: Replace�
text
[Old text]: "study,"
[New text]: "study"

Compare: Replace�
text
[Old text]: "constructed"
[New text]: "looked at this problem from a different perspective by constructing"

Compare: Replace�
text
[Old text]: "probability-based method to"
[New text]: "probabilistic"

Compare: Replace�
text
[Old text]: "surface fractures and generated improved predictions of fractures when physics-based models did not predict well"
[New text]: "based on"

Compare: Replace�
text
[Old text]: "location"
[New text]: "observations"

Compare: Delete�
text
"the"

Compare: Replace�
text
[Old text]: "Analysis,"
[New text]: "Analysis"

Compare: Replace�
text
[Old text]: "methods,"
[New text]: "methods"

Compare: Replace�
text
[Old text]: "fractured zones"
[New text]: "fracture formation"

Compare: Delete�
text
"the"

Compare: Replace�
text
[Old text]: "did not predict"
[New text]: "helped to signiﬁcantly improve the quality of the observations of fractures, allowing to distinguish between zones where fractures initiated and zones where they were advected, although"

Compare: Replace�
text
[Old text]: "either upstream or"
[New text]: "did not have modelled damage"

Compare: Delete�
text
"from the observed locations,"

Compare: Replace�
text
[Old text]: "method. It"
[New text]: "method, it"

Compare: Replace�
text
[Old text]: "separately, but this is beyond the scope of this study."
[New text]: "separately."

Compare: Replace�
text
[Old text]: "groups, where ice shelves/glaciers in each"
[New text]: "groups. Each"

Compare: Delete�
text
"have similar characteristics and each group"

Compare: Replace�
text
[Old text]: "predictors"
[New text]: "factors"

Compare: Insert�
text
"in the Logistic Regression Analysis"

Compare: Replace�
text
[Old text]: "predict"
[New text]: "estimate"

Compare: Replace�
text
[Old text]: "location"
[New text]: "probability"

Compare: Replace�
text
[Old text]: "fractures. Although, there"
[New text]: "fracturing in a certain location. We also found that the ice shelves/glaciers in each group have similar characteristics. There"

Compare: Replace�
text
[Old text]: "study,"
[New text]: "study. However,"

Compare: Replace�
text
[Old text]: "provides"
[New text]: "can work as"

Compare: Insert�
text
"efﬁciently"

Compare: Replace�
text
[Old text]: "fracturing"
[New text]: "fracture formation"

Compare: Delete�
text
"This statistics-based method can help to expand our current knowledge of the crevasses as well as improve mapping of potential hazards."

Compare: Delete�
text
"for modelling of fracture propagation"

Compare: Delete�
text
"the"

Compare: Insert�
text
"Being able to accurately predict zones of formation of small fractures provides the basis for modelling"

Compare: Replace�
text
[Old text]: "We"
[New text]: "However, we"

Compare: Replace�
text
[Old text]: "parameters, damage-based"
[New text]: "parameters this"

Compare: Replace�
text
[Old text]: "location"
[New text]: "nature"

Compare: Replace�
text
[Old text]: "region."
[New text]: "region and the location of fracture formation sometimes has a large error."

Compare: Replace�
text
[Old text]: "From this different perspective, we"
[New text]: "The main advantage of the method is that it"

Compare: Replace�
text
[Old text]: "construct an alternative method to predict the location of"
[New text]: "model"

Compare: Replace�
text
[Old text]: "over-estimation"
[New text]: "overestimation"

Compare: Replace�
text
[Old text]: "over-estimation"
[New text]: "overestimation"


@ Tables

Table 1. Development of calving parameterisations

Year Reference Method

1955 Crevasse penetration depth using tensile stress and overburden pressure  Nye (1955)

1973  Crevasse penetration depth of a single crevasse Weertman (1973)
1976  Crevasse penetration depth estimation using LEFM Smith (1976)
1993  Strain related fracture formation Vaughan (1993)
1997  Sea level dependent calving Motyka (1997)

1998 Linear Elastic Fracture Mechanics Van der Veen (1998a, b)
2003 Damage mechanics for a single crevasse Pralong et al. (2003)

2005 Damage mechanics for a single crevasse Pralong and Funk (2005)
2007 Crevasse depth Benn et al. (2007a, b)

2010  Crevasse depth Nick et al. (2010)

2010 Crevasse depth Otero et al. (2010)

2012 Damage mechanics applied to a crevasse field Borstad et al. (2012)

2012 Kinetic 1st order calving Levermann et al. (2012)
2012 CDM Duddu and Waisman (2012)
2013 CDM Duddu and Waisman (2013)
2013 Discrete element models Bassis and Jacobs (2013)
2013  Particle-based simulation Astrom et al. (2013)

2013  Crevasse depth criterion Nick et al. (2013)

2014  Crevasse depth criterion Cook et al. (2014)

2014 CDM Albrecht and Levermann (2014)
2014 Combining CDM and LEFM Krug et al. (2014)

2016 von Mises tensile stress
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Table 2. Predictor factors (predictors)

Type Predictor Description
Ice thickness Bedmap?2 data for Antarctica at 1 km spatial resolution |
) Bedrock and ice surface slopes are calculated using a nodal function |
Maximum surface slope
P
£ Surface slope gradient ‘Maximum slope change in a 400-600 metres vicinity
£
(:'a? Proximity to the ice front DM;p, calculated using Eq.®
Proximity to grounding line DMy, calculated using Eq. .‘ ‘

l Proximity to glacier edges and nunataks

Curvature Curvature of the glacier channel «, calculated in each node based

on the direction and rate of the flow velocities (see Eq. 10)

Backstress Buttressing effect on ice streams calculated in ISSM from inversion
Velocity InSAR ice flow velocity

» Rheology predictor B, Glen’s flow predictor,

0

‘q"é (viscosity) calculated from inversion of velocities (only for floating ice)

]

S

=  Friction coefficient ‘calculated from inversion of velocities

2,

B . . . . .

é Effective Strain rate The effective strain rate is calculated

using Eq. 6 with observed velocities as an input

Principal stress (1 and 2) Eigenvalues A (normal stresses) in Eq. &
Principal strain rate (1 and 2) Eigenvalues p (see Eq. 7)
Strain rate gradient Maximum strain rate change in a 400-600 metres vicinity
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Table 3. Formed groups of ice shelf regions

Glaciers/ice shelves for which we could not find a good-fitting probability are marked with red.
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Table 6. A list of analysed ice shelf regions

Glacier Group Corresponding IS name Region

1 4 George IV Palmer land, AP

2 4 Larsen C Fallieres Coast, AP

3 2 Larsen D Black Coast, AP

4 1 Orville Coast side of the Ronne IS~ WA

5 4 Amery EA

6 2 Edward VII Mawson Coast, EA

7 2 Rayner Thyner EA

8 2 Shirase Prince Harald Coast, EA

9 1 Stancomb-Brunt Caird Coast, EA

10 2 Riiser-Larsen Princess Martha Coast, EA
11 3 Fimbul IS EA

12 1 Abbot Eights Coast, WA

13 2 Baudoin Princess Ragnhild Coast, EA
14 3 Nivl Princess Astrid Coast, EA
15 1 Borchgrevnik and Lazarev Princess Astrid Coast, EA
16 4 Borchgrevnik Princess Raghild Coast, EA
17 3 Dibble IS Clarie Coast, EA

18 1 Mertz IS EA

19 2 Rennik Pennell Coast, EA

20 1 Cook George V Coast, EA

21 1 Ninnis George V Coast, EA

22 3 Holmes Banzare Coast, EA

23 1 Moscow University Sabrina Coast, EA

24 3 Totten IS EA

25 2 Vanderford IS EA

26 1 West IS Queen Mary Coast, EA

27 2 Larsen C Oscar II Coast, AP

28 2 Larsen B Nordenskjold Coast, AP
29 2 Larsen A Davis Coast, AP

30 3 Tracy-Tremenchus Knox Coast, EA

31 1 Drygalski Scott Coast, EA

32 2 Mariner Borchgrevnik Coast EA

33 3 Rennik Lazarev Mountains, Oates Coast, EA

AP - Antarctic Peninsula, EA - East Antarctica, WA - West Antarctica, IS -ice shelf
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Table 7. A list of analysed ice shelf regions

Glacier Group Corresponding IS name Region

34 1 Filchner Coast Land, WA

35 2 Ross East Hut Point Peninsula, EA

36 1 Wilkins and George VI Rumill Coast, AP

37 1 Stange and Ferringo IS Bryan Coast, AP

38 1 Painl [sland and Thwaites =~ Walgreen Coast, WA

39 2 Getz Hobbs and Bakutis Coast, WA
40 1 Nickerson and Sulzberger Ruppers Coast, WA

41 1 West Leopold and Astrid Coast, EA
42 1 Jelbart and Atka Princess Martha Coast, WA
43 1 Nansen Borchgrevnik Coast, EA

44 1 Prince Harald Prince Harald Coast, EA

45 1 Larsen B Oscar II Coast, AP

AP - Antarctic Peninsula, EA - East Antarctica, WA - West Antarctica, IS -ice shelf
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L A 4 A 4 @) Sucgess and Error

[ success LRA
[ success Damage
[Cfailure LRA

5 10 15 20 25 30 35 40
Glacier number

(b) Location

Figure 1. Success and error percentages for LRA for grounded ice is shown in panel a. Results for the floating ice applying LRA vs. Damage

method is shown in panel b.
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Figure 32 Modelled probability of a fracture for Group 2: Rayner Thyner IS (a) and Edward VII IS (b) and Group 1: Drygalski IS (c) .
Observed surface fractures are shown in green and observed non-fractured ice is marked with blue crosses. ([Eight'blué'polygons represent

regions where high resolution images were available. Black solid line-shows the location of the grounding line.
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Abstract. Antarctica and Greenland hold enough ice to raise sea level by more than 65 m if bothiicersheets were to melt
completely. Predicting future ice sheet mass balance depends on our ability to model these ice sheets, which is limited by our
current understanding of several key physical processes, such as iceberg calving. Large scale ice flow models either ignore
this process or represent it crudely. To model fractured zones; an important component of many calving models, Continuum
Damage Mechanics as well as Linear Fracture Mechanics are commonly used. However, these methods have a large number
of uncertainties when applied across the entire Antarctic continent because the models were typically tuned to match processes
seen on particular ice'shelves) Here we present an alternative, statistics-based method to model the most probable zones of
the'location of fracturestand demonstrate’our approach on all main ice shelf regions in Antarctica, including the Antarctic
Peninsula. We can (predictthellocation of observed fractures with an average success rate of 84% for grounded ice and 61% for
floating ice and mean @Gver=estimation error of 26% and 20%, fespectively) We found that Antarctic ice shelves can be classified

into groups based on the factors that control fracture location.

Keywords. Antarctic, ice shelves, glaciers, probability, calving, fracture nucleation, crevasse, logistic regression, bayesian

1 Introduction

In recent years, increased positive temperature anomalies have been observed in Antarctica (Jansen et al., 2007; Vaughan et al.,
2003; Johanson and Fu, 2007; Steig et al., 2009) and future climate change in this area may be even more pronounced (Vaughan
et al., 2003). This may cause the state of the Antarctic Ice Sheet to change significantly and could lead to a release of fresh
water currently stored in the ice sheet; West Antarctica alone could contribute up to 4.3 metres to global sea level (Fretwell
et al., 2013). Thus, understanding the factors that control the mass balance of the Antarctic ice sheet is crucial if we want to
better understand the future impact of climate change and contribution of Antarctic ice mass loss to global sea level rise (SLR).
Increased calving from the major ice shelves between 1998 and 2003 led to growing concern about the ice sheet stability
(Shepherd et al., 2012).

Overall, research on crevasse propagation started as early as 1955 and calving parameterization has been under development
for the last 20 years. It has been shown that the increased ice mass loss from Antarctica is caused primarily by an increased
number of calving events in the last two decades which has led to significant ice front retreat (e.g., the collapse of Larsen B

ice shelf and break off a part of Larsen C ice shelf (Mercer, 1978; Jacobs et al., 1992; Katz and Worster, 2010; Gudmundsson,
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- Studies by Jezek (1984); De Angelis and Skvarca (2003); Dupont
and Alley (2005); Goldberg et al. (2009); Katz and Worster (2010); Gudmundsson (2013); Borstad et al. (2013) showed
that increased calving can lead to destabilization of ice shelves and thus to a loss of the supporting mechanism (knewn-as-the
“buttressing-effector“backstress™) they provide to inland ice in Antarctica. This support can be crucial for the overall stability
of the West Antarctic ice sheet as strong basal melting and reduced ice shelf buttressing can'make thelice sheetunstablei(Miles)
etal., 2013).

Developing a reliable calving lawtequires’ kKnowledgeof where these fractures are located and how they evolve. [Fracturesin
Antarctic ice shelves and the ice sheet are visible in satellite imagery, and can occur as often as every 50 m. Because of the size
of Antarctica, the only feasible means of creating « data base of fractured zones is through the analysis of satellite imagery and
altimetry. However, fractures can be covered by snow and/or not be visible because of poor resolution of the available imagery.
It is for these reasons that inverse methods are often used (Borstad et al., 2013, 2016). Because-of the-incomplete knowledge-of

1 ice shelves/glaciers remain poorly constrained.
s is an active area of research, however no'models'tordate have been

2010; Cook et al., 2014; Krug et al., 2014; Sugiyama et al., 2015)), Svalbard (Chapuis and Tetzlaff, 2014) and the Antarctic
(Peninsulai(e'g(Oteroetaly2010;Bassis and Walker;2012))-and a method that can universally describe calving at any ice shelf
in Antarctica has not yet been [developeds

-(We focus on modelling of
crevasses (surface fractures less than 200 metres wide) on the surface of the Antarctic iceShéetand stiffoundingice Shelves) Our
model to predict fractured zones is based on a probabilistic approach, where we utilize the logistic regression algorithm (LRA)

to find a relationship that enables the prediction of fracture l6€atiéns? Our approach accounts for many potential parameters that

include geometry, mechanical properties and flow Fegime (predictor parameters) and'is based on'a combination of modeling
and remote sensing. We use a dataset of fracture observations, built by careful manual selection of the locations of visible
(fractures’in satelliteimages; to built-a-model-that-can-identifyfractured-regions-on most of the Antarctic ice shelves as well
as grounded ice regions around ice shelves in (Afitarctica;lincluding) the Antarctic (PEninsulaiyWe compare therability of oun

modeltormateh observations of fractures ff6m satellite fMagery Versus the prediction ability of the damage-based Mmethodof
Borstad et al. (2013). From the modelling of 45 ice shelves/glaciers, we found that we can predict thellocation'of fractures that

match the observations with a success rate from &45% to 99% with an average success rate of 84% (Figure 2a) for grounded

ice and 61% for floating ice (Figure 2B){(We found that the average success rate when applying damage method to floating ice
to be equal to 34%). A mean Over=estimation error of 26% and 20% for-floating-and-grounded-ice; respectively,-occurs-where

ice: Our best results were achieved combining LRA

with Bayesian as well as Jensen-Shannon Divergence theory described in section 42
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2 Background
2.1 Current state of calving computations in ice sheet models

A number of calving parameterisations have been developed and implemented in some software packages, but none of them
includes the propagation of fractures both Fertically) and horizontally) Most of the available parameterisations are specific to
a particular case and set of (predictorsi(€ g (Pralong and Funk;2005)); or calibrated for a (particularilocation (g (Kiug etal’;
2014)); and therefore cannot be applied generically to any ice shelf.

Discrete-Element-Models-are-used-to-predict-short-term-calving-events-(HiDEM): Some other ice sheet models, such as
ELMER/Ice, the Parallel Ice Sheet Model (PISM), the Community Ice Sheet Model (CISM) as well as the Ice Sheet System
Model (ISSM), have attempted to include calving built on simplified physics (Alley et al., 2008): ISSM has a calving algorithm
for marine terminating glaciers derived from a tensile Von Mises yield criterion (Morlighem et al., 2016). PISM uses a calving
algorithm based on(@léng="and across-flow strain rate (Levermann et al., 2012), which is based on the correlation between the
calving rate and the first order approximation of local ice-flow spreading rate (it includes spreading rates of the first-order and
assigns all higher order terms to zero). hiS idea is based on the observations of the increase of calving rate with along-flow ice
shelf spreading rates and the spreading rates perpendicular to the calving front. However, it considers only large-scale behaviour
and does not take into account the formation and propagation of crevasses. @A second method implemented in PISM involves
calculating a calving rate based on the critical ice thickness, which is mainly used to model calving of marine-terminating
glaciers rather than floating ice shelves (due to different physics governing calving between the grounded ice and floating
ice). Most of the experiments with ELMER/Ice calving were performed for Greenland glaciers, which have a different calving
mechanism from the floating ice shelves in Antarctica (Van der Veen, 2002). The Community Ice Sheet Model (CISM) assumes
that calving takes place when the water depth reaches a certain value (Price et al., 2014). This water-depth calving model uses
flotation criteria to estimate the location of the glacier terminus. It allows calving to be linked to glacier dynamics as well
as surface melting when applied to marine-terminating glaciers in Greenland (Nick et al., 2010). However, it cannot describe
calving at floating ice shelves in Antarctica since the floating part is simply removed from the CISM model (the water-depth
relationship requires a glacier to calve once it floats).

A number of other approaches have advanced our understanding of calving and the main existing studies are presented in
Table 1. @0 date, Continuum Damage Mechanics (€PM) (Kachanov, 1958) and Linear Elastic Fracture Mechanics (Van der
Veen, 1998a) are the most common methods used to model ffactured’zones) which is important ifformation for modelling
calving. The [Ein€ar Elastic' Fracture'MechanicsS (EEFM) approach used by Krug et al. (2014) consists of calculating a stress
intensity factor around fractures and assuming that they propagate until the factor falls below a certain critical value. To apply
this method to any ice shelf, the modelled fractured zones need to be in good agreement with the observed surface fractures.
Therefore, modelling the l6€ation of the fractured zones is an important basis for the subsequent estimation of fracture depth
as well as calving and it mmust be described in the ice sheet models @ceurately:This method proposed Borstad et al. (2016) can
describe both the formation and evolution of ffacturesiin'afully) viscous Contintum damage modely although'cotipling with an

elastic damage model might be-mere-appropriatefor representing-short-timescale-evolution-of fractures: (Borstad et al., 2016).
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Krug et al. (2014) built an alternative scheme by combining LEFM and CDM and found that they could match the observed
evolution of a tidewater (glacier’in'Greenland: This method is more complex €ompared to €arlier approaches as it allows for
both viscous and elastic behaviour and is able to reproduce development of small crevasses over a long period of time. The
ELMER/Ice model (Gagliardini et al., 2013) €ombifies CDM and (EEEMIt6rmodel ealvinig) but this method has only been
applied to Greenland (Krug et al., 2014)) There are a number of studies that have proposed other calving laws (Pralong and

Funk, 2005; Duddu and Waisman, 2012)) ‘hesesietiods can ficlide hydrofacture androtheriodes of failurenbutihiave
largely been applied to grounded calving margins, in contrast to the methods by Borstad et al. (2016) that are calibrated to
remote-sensing-data-and-have-been-applied-to ice ShEIVES) but Mot grounded calving margins: Moreover, most of the fentioned

All our experiments were performed for @5 ice shelf regions in Antarctica (see Figure 3@)j each including both ice shelves

and the grounded ice around 100 kilometres upstream from the grounding line (hereafter referred to as ice shelf regions or ice

shelffglacier). We ran onie simulation o create a stress balance solution per region (ice shelf/glacier), which allowed us to obtairi
the predictor parametets required for the calculation of the probability of fracturing. We used SeaRISE air temperature, snow
(accumulation and gecthefmal’heat flix (IZé Brocq etials] 2010) asiclimate forcing datay) We calculated changes of the surface
temperature with a lapse rate and imposed it on the ice surface. Ihé'dataTor the Geometry of theTice Shelves and Surfounded
igroundedice (bedrock fopography, ice thickness'and glacier surface) were interpolated from Bedmap2 dafa (Fretwell et al.l
2018) at (UKFSPARAIESOINNON) Basal friction under grounded ice @NEOIogyIRoRoANE ice Were calculated fiomyan
inversion of velocities (Khazendar et al., 2007), where the observations of the horizontal ice velocities were taken from InSAR
(450-metres resolution) (Rignot etal., 2011b, a) and the sliding law is the Budd sliding law (Budd etal., 1979). In the inversions
we used regularisation to penalise sharp gradients of the cost function, calibrated using an L-curve analysis (Morlighem et al.,
2013). We set boundary conditions as follows: the upper surface is considered stress-free and friction is applied at the ice?
(bedrockiinterface? At-the-inflow-boundary we @pplied’Difichletieonditions: The position of the grounding line position is
calculated using a flotation criterion. We used the @utputs) of the'simulations as iputfor our modelling USing ISSM and as theé
predictor factors in our probabilistic method (see Section 4.1).

(ForallrtheTsimulations; we used a multi-resolution mesh approach for the chosen domains in East and West Antarctica as
well as the Antarctic Peninsula. This method was-chosen-due-to-the-fact that on the Ghiethand-usingass0=or 100=mettemesh
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e of the model, but on the other hand it was important to have
a fine resolution mesh in order to model surface fractures, as the distance between them is normally around 50-100 metres.
ioTden o have A resoltion fogetier Wit Smaller computaional meswe first calculated all the main predictors on a

200-metre resolution mesh (to achieve a faster computational speed) and then interpolated the values to nodeson a 100-metre
5 resolution mesh (to use in our fracture model resolved at 100-metres). A
on this finer mesh:

3.2 Observing fractures UiSing satellite images

‘We focus only on predicting the location of surface crevasses without modelling rifts, since the processes that cause rift opening
‘might differ from processes that allow surface crevasses to stay open. In fact rifts might be formed due to presence of basal
10 fractures, tidal deformation (Bromirski et al., 2010), ocean swell(Bassis and Walker, 2012) and stay open due to presence of

ocean temprature, sc icc GUASEISMIEIBEAIYFIIGAAIED is GUSITe tc saape of QS PAREVOTEOVE NS OTNAED
cracks propagate through the entirc icc thickness and, therefore, the ice becomes effectively discontinuous. We, therefore, do

15 not include rifts and focus only on surface crevasses.
Tn order to obtain the observations of the location of fractures on the ice sheet surface we used satellite images taken from
Google Earth-Pro, where images of the Antarctic ice sheet were available at different spatial resolutions. However, to be able
(e SIS ISTOUESHOIes  GHYAMIES - N 2O eSO Sl O S ToF i

between20LT and 20155 We-i
(ThevisualtimagesTof the ice Strface incliide many featires) and it-is-important-to-distinguish the SurfaceTfractures from
Dl s sl o e LUt SomcLo0 50l of peseney O SO s 0. bglacal gans), 1 s ben
1 a large spacing between them (e.g > 1 km) are more.
V075 g sl REVASSESYMOGEINNGof bsal frctures i otside the scope of this pEpEISHTMISISHC
25 (largelinearfeaturesithat are visible on the Satellit€limagesiare Surfacetroughsiand should not be interpieted as surface fractures
To construct a set of observed fractures, we manually selected fractured locations as well as non-fractured zones that we
could identify in the satellite images. Most of the identified non-fractured regions are located in blue ice regions, which aré
A IO WS oW A mulati o O WhEre e SowWhas bee Hermoved by ENwiidy In such areas we can clearly see wherd
30 the ice is not damaged. It is iffipoftant tonote that in some locations the #eSolition of {mages wasnot always sufficiently high
to clearly see every fracture. Moreover, some surface fractures may be covered in snow and, therefore, are not identified by our
analysis.
‘We constructed two different types of data sets: “calibration” and “evaluation’, for building the statistical model and for
studying the output of the model, respectively.

age and where it was relatively
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In the calibration data set we select a subset of observed fractures, being a representative sample of locations where fractures
are found on 35 ice shelves/glaciers: The statistical approach fequires training on a large number of ice Shelf regions with
different characteristics and a variety of observations. Therefore, we use our calibration dataset to train our LRA. This improves
the reliability of the model, as the diversity in sampling provides a better estimation of correlation coefficients (called /3
coefficients in LRA). We assign a value of 1 to fractured nodes and 0 to non-fractured nodes (due to the fact that Logistic
Regression Analysis (LRA) that we use in our approach, described later in section 4.1 uses a categorical input).

‘We form the evaluation data set to test how well our new approach predictsfractiires) for €achiice’shelf fegion'individually,
Although we did ot need to select all the fractures on the ice sheet surface (o build the calibration data set, to construct the
I re———————— S —————

Y ——————
experiments with another 10 ice shelf regions to test how well LRA works for a randomly selected ice shelf/glacier that was
not a part of the construction of the model. It s important to note that the evaluation data sets are not just discrete values (0 and
1), but are a continuous field representing the probability of observing a fracture in a location. This allows us to account for
(Gncertainties of the ObServations; Sifice’Sometimes it is not possible to Sayiwhetherthererareq) fractures or whether fractures
are just not visible. In a node where we could see a fracture we assigned the probability of observing a fracture to 1. Nodes
around the ObSEVEANFACHIE AFENMORENIKE]y) than mot to be fraCtFEdNThereforEnWeNtienIses the probability) of OBSEVINgr
fracture to decrease from 1 to 0.55, decreasing with increased distance from the observed fracture (within 500 metres radius).
On the other hand, if a non-fractured node was found within a region with high resolution imagery, we assigned the probability
of fracturing in this node to 0,05, Within a 500 metres radius of the non-fractured node we allowed the probability to increase
linearly from 0,05 to 0:4: In all other nodes we set the probability of observing a fracture to 0.5. The last assumption is due o
the fact if there are no fractures visible in the area of poor resolution of the image it is equally likely for the node to be fractured
‘or non-fractured.

‘We used statistics-based methods as an alternative to physics-based approaches in order to gain insights into the location of
fractured zones in ice shelves and glaciers. In the well-known damage-based approach, the damage variable varies from 0 to 1
representing the fraction of a volume that is fractured, with 0 being not fractured and 1 being fully fractured. Instead of using
‘damage-based method we use the Logistic Regression Algorithm (LRA), which provides us with the probability of fracturing
(also varying from 0 to 1). We then apply this method to derive fracture likelihood functions for both floating ice shelves and -
ﬂle “grounded ice for any ice shelf region. To construct the likelihood function we need to find coefficients that describe the
relationships between predictor variables and what we want to predict (in our case it is surface fractures not including rifts).
(Thus; in order to create a statistical model we use our calibration data set of observations of surface fractures'andnon=fractures

as well-as information about the floW fegimerat the 16€ations of each-observation-(predictor-parameters):
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Our main goal is to determine the most likely location of surface fractures. We do not focus on identifying the location of
(their initiation, since it is mot possible to know whether the observed fractures were formed where ©Observed or have advected
to that position having formed upstream. We tried to select observed fractures where there were no other fractures visible
upstream, meaning that the observed fractures would identify the initiation zones, but this may not always be possible. The,
_ of [nitiation of fractures but alsosome zones to which fractures have advected. For

ion from upstream) and low-advection (because of local
treses) (Colzan t L. 2016) eyeles. Although we do not discely model advection, the statstical mode preitsth presence
of both initiated and advected fractures without distinguishing one from another. The question that arises then is how do we
know that the flow regime conditions that caused opening of the fracture are the conditions at the point where the fracture is
observed and not the conditions upstream from the observed fracture (in case of advection)? However, even if an observed

fracture was not formed at a particular location, but was advected with the ice flow, it is §till visible on the satellite image. The

fact that fractures can be seen indicates that there are factors at that location that act to permit the fractures to exist, whether

they formed in that particular location or remained open after being advected from (ipStream/(Sifice another combination) of

(his Section s Structured inhefolloWingiordes) First, we present our method (logistic (EgHESSIONAIEOM) used for pre-
dicting the formation of fractures. Second, we describe the predictor factors (predictors) we in€lude in this-method--Then; two

@1 The logistic regression algorithm (LRA)

Logistic regression is a statistical technique generally used to classify data based on values of input fields. The method is
similar to linear regression but takes a categorical target field (in our case nodes which are fractured or non-fractured) instead
(ef'a'numerical'series? The logistic function allows us to calculate the likelihood of an event as a function of different predictor
factors (see Table @ for the predictors used i our fiodel)sTaking any Faige of @atayitproduces values from0 ol and thusiio

can be uscd to represent the probability of fracturing (Hosmer Jr and Lemeshow, 2004).
To apply the logistic regression @gotithii, we constructed a logistic function @; (Eq. 1)) that describes the probability of a

certain node tobe fractured as a function of the predictor factors x;. ThiS function @8 not designed-to provide any information

about the depth of a fracture, just its spatial location. |

exp(Bo + B - 15+ B2 - o + Py - w35+ ...)
1+ exp(Bo+ B1-w1j+ B2 - 225 + 3 - x35 +

P; =Prob(X =1|z;) =
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where for g is fhe'hode number, @;j is the ¥alue of predictor @;fornode ;j andBare'correlation coefficients:

The unknown coefficients 3; are found by maximising the likelihood function L (Eq. 2).

5; 'y
L) =8 (1-P)"", ¥))
where n is the number of observations and § is the Kronecker symbol:

5 1, when there is a surface fracture visible on a satellite image 3
0, otherwise.
Once the values of 3 are found we can find the probability of a node to be fractured by substituting a chosen set of predictors

into Equation 1.
4.2 Predictor parameters:

We started with a set of 19 predictors, ;. Some of them are known to influence fracturing (stresses, strain rates, ice rheology),
while-others-we-considered-to-be-potentially-impertant(various-geometrical properties;-proximity-to-the-ice-front-and-the
grounding line;-ete).- Temperature-and-accumulation-were-not-included-in-the list-of predictors-due-to-the-incompatibility-of
their-spatial resolution-with-the relatively fine 100-metre-mesh-we-used-to-model-fractures—They-might be-important-for-the
formation and propagation of fractures, as warmer temperatures can increase the number of fractures due to the effect of melt
water (Weertman, 1973; Van der Veen, 1998b; Mobasher et al., 2016), but a better resolution climate dataset would be needed
to-assess this:

A1l the experiments and sets of parameters used in LRA were constructed separately for floating and grounded ice. This-is
due to the fact that some parameters that svere used for prediction of fractures on grounded ice are not applicable for predicting
fractures on floating ice and vice versa (for example, friction and bed slope are irrelevant on floating ice, whereas back'stress
cannot be applied to grounded ice).

The calculation of some predictors was performed using methods already implemented in ISSM (e.g. stresses, Strain'rates;
friction coefficient). @ther predictors (e.g. ealculation-of curvature,-distances-to-ice-front,-grounding line; proximityto-glaeier
edges-and-nunataks)-are-not-produced-by- ISSM-and-were-caleulated-independently: Here we describe the methods we used to
calculate each predictor parameter as well @sfa'brief description @site why each parameter mnay have an impact on the'location

of fractures:

(i) Principal values of the deviatoric stress and effective stress:
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Deviatoric principal stress Valtuesi(Eq4)have a direct effect on the opening and closing of crevasses; the sign of the first

principal stress compeonent determines whether it is compressive (negative) or tensile (positive).

o o

&)
v % %7 66}

(i1) Effective strain rate:
(The effective strain rate €g is included in our analysis because it is known that crevasse initiation is linked to strain rates

(Campbell et al., 2013). If the strain rate in the horizontal plane is sufficiently high, crevasses can propagate to greater

depth, (Benn and Evans, 2010). In addition, stresses can trigger brittle ffacturing buf) to takevintoraccount a gradual

viscoelastic effect that canlead to in our model.
au 10w O
_ F 2 (gg ™ @
HE+H B

where v and w are horizontal components of the SuffaceVelocity:
The effective'strain'rates are calculated using ISSM as:

Copr=2JEh + EhutElyHEuyy ®

where €;;-are-the strain fatejcomponents
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10
((iv) Back stress:
Because back stress provides an additional compressive stress resisting the forward motion of glacier ice (Kenneally and
Hughes, 2004) it is also included in our model.
15 Eow friction at-the-base-of-glaciers will lead to a higher sensitivity to membrane stresses, which can lead to more

crevassing in tensile mode. We obtain this parameter from the inversion of surface velocities in ISSM.
(vi) Stiff . Fice thic] :
In addition, we include the ¥iScosity parameter Bliil Glen’ s flow1aw) as well as ice thickness due to their physical relation
to fracture mechanics. When ice stiffness increases and ice crystals cannot creep fast enough, fracture may occur. There-
20 fore, this parameter (obtained from the inversion of velocities implemented in ISSM) is added as a predictor. Adding

temperature directly into the analysis did not improve the prediction results, which might be due to the uncertainties in
the temperature estimation.

(vii) Proximity to glacier edges:

Generally the lateral friction along the glacier boundary is not considered in ice sheet models when stress is calculated.
25 The stress field alone can predict transverse, longitudinal and radial splaying crevasses. They are all formed due to

opening stress and are normally considered in existing damage modelling methods. However; the prediction of crevasses
near-the-edges-of glaciers requires a parameterisation of the lateral drag. Thus, we include the proximity to edges of
glaciers and to nunataks @s/a’predictoriiil our model.

(viii) Distance to the ice front and the grounding line:

30 We can see in the satellite images that more fractures @reJpresens at a certain distance from the ice front as well as near

the grounding line. We found that the relation between the presence of fractures and distance to the ice front as well as

10
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(xi)

the distance to the grounding line is non-linear (Fig. 3B)) For most ice shelves/glaciers we can see more fractures 3-5
km as well as 10-13 km away from the front and a slightly smaller number of fractures closer than 3 km to the front or
between 5 and 10 km. Therefore, instead of using d;r and dgp, (distance to the ice front and the grounding line in km)
as predictor variables, we construct dummy variables: DM r and D Mgy, respectively, which represent two-column

arrays in the following form:

(Iyl)» when 3km < d;p < 5km

or 10km <d;p < 13km
DMip = {(@50)y when 5km < d;r < 10km ©))
(Opl)y when djp < 3km

(030)y else

(1,1), when 5km < dgp, < 15km
(1,0), when dgp < 5km
DMgr = (10)
(0,1), when 15km < dgy, < 20km
(0,0), else
Bed-and-surface-slopes:

There are a number of parameters such as surface velocity, surface slope and a curvature of a glacier channel that are
included by-other-studies in the calculation of the stress field(Earoutet’al’y2012); but for our method we look at each

component separately:

Thus, bed and surface slopes are included in the model since shear stress increases en-a-steeper-slepe and can lead to

fracturing (e.g. ice fall is an extreme case).

Surface gradient change:

We include this predictor in the analysis due to the fact that fracturing can be caused by an increase in stress due to an

abrupt change in surface elevation.

Curvature:

It is clearly visible in satellite images that more fractures occur around horizontal bends in glaciers. Therefore, the

curvature of the glacier channel was included as a predictor, calculated as:

an

Qv = arccos <

11
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distance D is based on the velocity magnitude v(P), because if the velocity is high we need to increase D so that two
subsequent points capture the geometry of the bend of a glacier. Thus, if v(P) is greater than 2000 m/yr we assign D = 3v(P),
otherwise D = 6v(P). i i i i i i

Finally, duertorthefact'that all predictor parameters have different units, as well as significantly different magnitudes, we

normalise each predictor as following:

T; = _ Hi , where 41; and o; are mean and standard deviation of the predictor variables, respectively. | (12)

4.2.1 Test run with a small set of parameters

10—Including stress-variables-to-predict fractures [Slififuitiverasitheéyrarerone of the ajorindicator of ice been fractured ornon®
fractured. Other variables such as geometry correlate to stress variables, but we found that it is important to include them in the
model because the results are inferior if the parameters are not included. This might be caused by limitations of the predictor
Pparameter values produced by the ice sheet model.
In order to show that our fracture model works better when including both physics-based and geometry-based predictors,
15 we ran three additional experiments. In the first test run we included only effective deviatoric stress as a predictog and found
(thatyalthoughiit produces reasonable fesultsimatching the Gbservations) the Successiof identifying fractures is-about 20-per-cent
fower that the ¥esults of the model'with the chosen-optimal set of the (prédictorsi(Figure 1(a)) The'second set of €Xperiments
(containied only (principal'Stresses) and produced resultsithat'did not @gteewelllwith the observations (Figure-H(e))-Similarly;-the
results of the ghifditest hatnCludedionly VORMISESISIFEss as the PredictorIdid not EFEENVil the observed fFacHrEs (Success
20 rate not exceeding 50 per cent, Figure 1(e)). This shows that stress measures alone are not sufficient to model fractured zones
and a more complex set of predictor parameters is required.
Moreover, including both friction and strain rate might be ambiguous since lower friction can lead 1o 4 larger strain rate.
By looking at the predictor data sets we found that the optimal choice of parameters for each group includes either friction or
B o N v A e oY 1S WA e GG T . (v P

43 Optimisation the €hoice of Predictors

To construct the probability function for each glacier we sought a set (or subset) of the predictor factors required to include
. in the"IERA® We started with a first guess (calculated using LRA and a (potential choice of the predictor parameters) and then

30 improved it based on three methods: random walk, Bayesian and Jensen-Shannon Divergence algorithm.
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4.3.1 Random walk

For each of the @5Ficeishelf regions) we performed a 100000-step run with random sets of predictors used at each step {(the
number and selection of predictors were chosen at random @t€ach step). We defined a potentially good model to be the one

with a success of identifying fractures (a£gef than 70% and the error of (GVer-estimation not'exceeding 15% (however, if a

good-fit model was not found after 2000 steps we looked for a model with a 65% success and 20% error). Once a good fit was

found, we saved it as-a-petentially-good-set and continued running the model with different sets of predictor factors for the

remaining number of steps to S€archor a better model At the'end of €achrun theralgorithin provided us with a mean set of
factors for a(BeSEfitting) model.

43372 Bayesian

To test the behaviour of the models with différent'sets'of parameters and, thus) to choose with-more-precision an optimal set of

(predictors) from the full set we performed a non-linear Bayesian inversion.

To find the likelihood function for a Bayesian inversion we need to add the probabilities of fracturing for all nodes. The area
of each ice shelf region is ~ 10%km?, which, when adding for all nodes, leads (o a very large sum of all modelled probabilities

(Infaddition to/definifig)a likelihood function; Bayesian inversion requires an input of prior model and prior scores: For a prior
model; we took a calculated fracture probability *iffom the bestfitting model obtained earlierusing) the Fandom Wwalk'search?
We assumed tha the prior probability density function (PDF) was uniformly distributed between 1 and 17 (U[1,17], becausé
the maximum number of predictor factors in a setis equal o 17).

Finding an expression for a likelihood funetion; L for our model was problematic. We tested a number of different com-

monly used expressions, such as:

Ly =3 log(fi), where
@

fi = Q=p)hpl

Ly =) log(f:), where

fio =0 =pi)-(1=di) +pi-d,
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25

where d; and p; gepresent observed and modelled fractures on an-ice-shelf/glacier, respeetively,-and—f;-is-the-probability-of
agreement between-two-predictions-in a Cell%d

‘However, all of them produced very large likelihoods which increased dramatically with a small percentage change in the
‘probability density function. The value of the likelihood function increased up to an order of 10°, which was unrealistic and

made the inversions unstable. (Therefore; it was €ficial to choose a better representative likelihood function.

(In'order’to construct the function; firstwe assumed that the measure R of the total agreement between two models (the sum
of all probabilities) folloWed a Gaussian distribution with a mean E' (Eq.({@5) and a standard deviation o (EqZ16)5

B[ => § as)

Where the two expected values for both data and €he chosen model £ (2 ) IandMB(fLeh), respectively; are defined as:

N
E(f") =) di+(1-d)? an,
i=1
N
B(flety = pthdi+ (1-p*) - (1—dy), (18)
i=1
where p* is the best-fit probability,

(Second; our idea was to calculate the likelihood L; as an exponential function of the misfit ¢4(#n) between the data and the

model, assuming that either the data (observed fractures) or the analysed model contain an error (Eq. 19))

L; =67%W,—whefe (19)
obs red
¢d(m) _ (E(fzb )_.E‘( 5‘ ))2 -

(WeTpettormed a Bayesian analysis for 500 steps, then narrowed down the selection and accepted only those models that had
likelihoods greater than 90% of the best likelihood. Each-step-included-two-eriteria:-if a mew likelihood Was|greater than the

prior likelihood or was greater than a certain percentage (taken at random at each step) of the old likelihood we accepted the
‘model. This allowed us to identify the most commonly chosen sets of parameters.
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4.4 Glaciers classification and Jensen-Shannon Divergence (JSD)

In order to select a set of predictors for a general case and to find whether it is possible to [deéntify) a set that can be used
for any (ice"shelf fégion; we started with the construction of a binary array for each i¢€shelf/glacier;) where the number of
rows represents the number of good-fitting models for @n'ice'shelf/glaciet and the number of columns represents each of the
predictor factors.

We'thén found the average occurrence of each predictor:

1
A=y Dk @n

where i € ([T} is the predictor index, IV is the number of good-fitting models. k; = 1 when the predictor is included in the
good=fitting model ;7 and O otherwise.

We could then'determine how often a certain predictor was included in the good-fit models. If a predictor was selected more
than 50% of the time then it was assigned as a potential forthe'best-fitting model’) Thus, we obtained a@5X17 array (45 glaciers
vs. 1% predictors) that consisted of 1 when the predictor was included in the best-fit model and O otherwise.

Then) we classified the glaciers in groups. There were a large number of possible combinations to select such groups.
Therefore, we constructed a test that assessed every possible combination and calculated a percentage of similarity between

glaciers in a group (Eq.(22)!

M
§ = g * 100, 22)

where M is the number of matches between sets of predictors for two glaciers and .S is a group number.

Finally;’we found that we could categorised all 45 glaciers in 4 different groups, with Group 1 having (glaciets/ice shelves
that can be more easily combined and Group 4 being a more narrow group of specific(glaciers/ice’shelves that can not be placed
in any of the other three groups.

The Jensen=Shannon Divergence method (JSD)(Daganetal’;’ 1997) can be used as a tool to measure the distance between
two distributions and can provide a value that we can use to assign a particular glaciet/ice'shelf to one of the groups. The JSD
formula is widely used in statistics to measure a divergence of one probability distribution from another. We applied ISD to
identify the similarity between the best probability for each glacier and a probability calculated by placing the glacier in a
certain @roups

The Kullback-Leibler divergence (Kullback-and-Eeibler; 1951 is defined as:

1 1
JSD(P1||P2):§D(P1||M)+§D(P2||M)7 (23)
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where two conditional PDFs D (P || M) and D(Ps||M) are defined as:

D(Py|M) = (P1 log (E)) 24)

and

D(Py||M) =" (P2 log (ﬁ)) . (25)

where M = w and (Pj7and P> are the new probability (when assigning a (glaciet/ice'shelf) to a new group) and the old

probability (the best-fit model), respectively. Both probabilities P; and P, have to be normalised before applying Equation 23%
4.5 Calculation of Damage

Here-we-utilise-the-damage-based-model-as-an-independent-method-in-order-to-compare-it-with-our-statistics-based-method-
We-do-net-compare-our-probability-based- model-with-the-damage model-directly; rather;-we-evaluate-their respective-ability-te
predict the formation-of fractures-in-ice- For this-we-compare-calculated damage with-the-observations-of fractures-and-identify
areas-where-it can-and-cannot-accurately predict the presence-of fractures:

The-Continaum-Damage-Mechanies-approach;-based-on-the-method-suggested-by Kachanov-(1958);-includes-estimation-of
damaged zones-where the ice is-softened due to- the presence-of fractures. ContinuumDamage Mechanics-has-been-sucecessfully
applied-to-a-wide range-of engineering problems-as-well-as-to-model-damage-at-individually selected-ice-shelves-such-as-the
Ross; Filechner-Ronne;- Amery-(Bassis-and-Ma; 2015); Larsen-C-(Borstad-et-al.; 2013)-and Larsen B-(Borstad-et-al-; 2016)-ice
shelves:

Damage-is—a-scalar-variable-used-to-determine-failure-of -ice-and-the nucleation-of fractures; usually-when-the-damage
predictor-reaches-a-eertain-value—There-are-two-different- methodsfor-inverting for damage:-methods-applied-to-invert-for
damage and methods used to model damage propagation in ice sheet models. Borstad et al. (2012) suggested a direct inversion
for-damage-using-a-cost-function: Later, Borstad-et-al.(2013)-proposed-a-method-to-caleulate-damage-as-a-post-processing
routine-after-inverting for-the-ice-viscosity: In-thefirst-stage,-inversion-of-ice rheology-is-performed-following Larour-et-al:
(2005),-then-damage-is-caleulated-from-the-inversion-of-veloeities-at-the-ice-shelves;-which-is-based-on-minimising-the-cost
function that quantifies the misfit between the observed and modelled surface velocities.

The-second-stage-includes-the-propagation-of-damage—(Krug-et-al.; 2014;-Albrecht-and Levermann, 2014)-propesed-to
model-the-propagation-of-damage-using-an-advection-scheme-and-a-souree-function- The main limitations of this method are
the-choice-of -what-should-be-used-as-a-source-function-as-well-as-the number-of-decisive-parameters-that-define-the-damage
evolution-(damage-thresheld;initiation-threshoeld-and-the-enhancement factor).- The-source-function-is-the-controlling factor-in

the-damage-propagation-and-Pralong-et-al. (2003)-as-well-as Krug-et-al.(2014)-propesed-a-source-function-definition-Both
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of the-approaches-work-well for-particular regions;-but-control predictors-in-this-medel-have-been-derived-using-datafrom
only-one-specific glacier-in-Greenland-(Duddu-and-Waisman;-2012)-and-through-the-use-of small-secale laboratory-experiments
(Pralong-and-Funk;-2005)-and-have not-yet-been-generalised-to-be-applicable-to-all-ice-shelves/glaciers: These models do not
yet account for factors such as ice fabric and impurities (Borstad et al., 2012).

Reeently, Borstad-et-al-(2016) propesed-aframework-where, instead-of computing-a-damage-source-term-as-is-usually-dene;
damage-is-part-of-a-generalized constitutive relationship: This-approach-has-a number of advantages-as-it-alows-the-calculation
of mechanical ice-weakening-and-the prediction-of the-degradation-of ice-shelves--This-can-significantly improve-the-aceuraey
of identifying zones where the ice is weakened by illuminating the uncertainties related to the source function. The main
weakness-of the-approachlies-in-determiningthe-eonstant parameters-that define-damage; because the-validity-of the parameter
values-can-only be-tested-when-an-ice-shelf undergoes-pronounced mechanical changes;-as-did-the Larsen B-Iece-Shelf-in-2002:
The-parameters-suggested-by Borstad-et-al.(2016)-have not been-tested for-other-ice-shelves-apart from Larsen B;-and-se-itis
unknewn-whether-the-approach-is-valid-for-other-locations-and-settings-

In-this-study-we-use-the-damage-inversion-method propesed-by Borstad-et-al. (2013)-to-identify regions-where fractures-are
initiated. Damage-in-this-context-has-no-vertical coordinate; but- comes-from-a linear mapping of the-depth-integrated-shallow-
shelf-equations.This-approach-is-performed-in-two-steps-First; the inversion-of rheology based-on-the misfit between-observed

and-modelled-velocity-is-performed-on-floating-ice- Then,-damage-is-caleulated-as:

B
D=1—— 26
By 26)

where-Br-and-Br-are-viscosity-parameters-calculated from-an-inversion-and-initialisation-of viscosity-based-on-temperature
analysis; respeetively:

Estimation-of -Br-is-the-source-of the-main-uncertainty-in-damage-calculations-due-to-the lack-of -ice-temperature-data,
which-can-be-crucial-in-affecting the-aceuracy-of the-viscosity-parameter (Bassis-and-Ma; 2015) Thus;-the-errors-in-assumed
temperature may affect the inferred value for damage.

Fractures-thathave been-advected-can-be-identified by damage but-this-isnet-always-the-case,-due-to-the fact that the-inverse
method for-calculating-damage-will-only-find-damage-where-there-are fractures-that-give rise-to-velocity-gradients. Damage
will-capture-some-fractures-that-were-formed-upstream-and-advected-to-a region-with-different stress-conditions-only-if-the
fracture enhances the flow and creates a local velocity gradient. Thus, we first calculate flow lines for each observed fracture. If
upstream-from-the fracture-the-damage-is-larger-than-50%-we-assume-that the-observed fracture-was formed-upstream;that the
damage-calculation-may-be-correct-and-that the-observed fracture-was formed-upstream. If there-is no-damage-initiated-at-the
point-or-damage-upstream-from-the-observed fracture-we-assign-the-observation-point-as-not-captured-by-the-damage-method
and consider this as a failure of damage to identify the fracture (which can be due to the fact that the fracture in observation
point-does-not-cause-alocal gradient-in-strainrate)-

Physics-based methods; such-as Linear Elastic Fracture Mechanies-(EEFM)-and Continuum Damage Mechanics (CDM);-are

necessary-when-medelling fractures-in-Antarctica- We-do-not-intend-to-substitute these-methods; rather, we-seek-a-method-that
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can-improve-on-some-aspects-and-cases-whenphysics-based- models-do-net predict- well the formation-of fractures-In-particular
it-is-possible-that-some-fractures-are-initiated-upstream-from-the-grounding line-rather-than-onfloating-ice. It-is-therefore
impeortant-to-be-able-to-predict-the formation-of fractures-in-both-cases.- Damage-is-caleulated-only-on-floating-ice-based-on
model inversions using the Ice Sheet System Model (ISSM) (Larour et al., 2012) because it is not possible to distinguish
between-basal friction-and-damage-on-grounded-ice;-as-they-have-similar-effects-on-the-ice-veloeity: Thus; the-main-motivation
of this-study-isnottoreplace the- damage-approach;, which-in fact provides-a strong physical background forice sheet modelling;
but te-find-an-alternative- method thatean-be-applied to-both-ice-shelves-and groundedice;can-work for-alarge set- of glaciersfice

shelves and does not depend on temperature observations and threshold parameters.

5 Results

We applied the LRA method combined with the random walk method to 45 ice shelf regions that include both ice shelves and
surrounding grounded ice (the corresponding names and l6€ations can be found in Table 6 and Fig.3aj)respectively) and found
a best-fitting model for 44 of them. The fracturing of the fémaifing ice Shelf cannot be described using the predictors we have,
producing unacceptably large or small probabilities.

In total, for each ice shelf/glacier the random walk analysis gave a number of possible sets of predictors that can produce a
good-fitting model. We combined all of these possible sets for each glacier to see which predictors are always present in the
good-fitting model and which ones are never included. The results of the random walk and the Bayesian inversion(@gteed well.
Most of the essential predictors for each particular glacier selected in the Bayesian approach were also chosen when performing
the random walk. In most cases, the Bayesian analysis showed equal importance of most of the predictors although effective
strain rate and velocity had a slightly higher rate of selection. There was no universal set of factors that could be used to model
all ice shelf regions. However, subsets of glaciers had some similarities in terms of the predictors that had to be included in
order to achieve a good-fitting model.

To estimate how well our probability model and the damage model identify observed fractures we calculated the percentage
of success and error for each ice shelf/glacier model. First, we found the number of cases when there is a modelled fracture in
the vicinity of an observed fracture (within 100-metres radius). Then;-we-divide-this-number-by-the-total number-of observed
fractures-to-find-the-percentage-of suecess: To find the percentage of failure we calculated how many times there is a modelled
fracture when there are no observed fractures within a 100-metres radius. We-divide-this-number-by-the-total number-of nen-
fractured nodes-to-find-the failure percentage-.

Thus, we(€ategorised the 45 glaciers into 4 groups, requiring that the deviation from the best-fit models did not exceed 5%.
Next) we performed a test to @ssessiwhether'these selected sets were the optimal choice, by estimating the deviation from
the best solution using the Jensen-Shannon Divergence algorithm. We assigned each glacier to a particular group based on its
minimum value of the deviation from the best-fitting model in JSD analysis. Ifi'§67d6ifig) we slightly modified the members
of each group that we had previously created. For example, Glacier 27 belonged to Group 1 previously and it fit well with

only a slight change of the best-fit score. However the JSD showed that if we move this glacier to Group 2 the deviation from
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the best-fit decreased from 0.01 to 0.003. However, we had to take into account the fact that the JSD algorithm measures the
total distance to the best-fit probability and, thus, can decrease the ©ver=estimation error Whil€; at the same ime; significantly
decrease the success rate (Glaciers 057133 15, 11, 30, 32). Therefore, since these six glaciers were of a similar type to the
glaciers in Group 1 and their JSD was similar for Groupl and Group 2 (e.g JSD=0.02 in Group 2 and JSD=0.0205 in Group 1)
they were assigned to Group 1 to avoid a decrease in the success rate of identifying fractures.

Finally, to reach an optimal agreement between our model and the observations of fractures; we assigned each glacier to
a particular group and the set of factors for each group are presented in Table 3 and Table 4, 5, respectively. We found that
the sets of predictors for each group varied significantly, however surface velocity was included in the grounded ice set for
all groups. For the floating ice the analysis showed that surface velocity was not a determining factor in predicting fractures,
instead effective strain rate as well as [deviatorie principal Stressivaluesiwere present in each predictor set.

While the success of identifying fractures on floating ice was lower than for grounded icejiweiwere still able to [identify
the main fracture (patterns) and the success rate was high for the majority of ic€'shelves (see Fig. 2a)) Our method is able to
identify up to 99% of the exact location of fractures on grounded ice with am average of 84% (Figure2a))and 61% for floating
ice (Figure 2b) The mean Gver=estimation error for grounded ice and floating ice was) 26% and 20%, respectively. There are
many cases where our method agrees with the results produced ¥ the damage-based approach. However, in almost all cases
the success of LRA on floating ice was higher than of the damage-based method with the exception of two glaciers. Overall,
for all four groupsy where we could not achieve a high score using LRA, the damage-based method did not produce a high

success score either (see Fig. 2b))
5.1 Group1

This was the largest group of glaciers and the best-fit model includes as many as 10 predictors for grounded ice and seven
predictors for floating ice. The analysis of the estimated coefficients in LRA showed that predictors with the highest weights in
our model for this group of glaciers were: effective strain rate, proximity to glacier edges and nunataks as well as the surface
elevation gradient. We present the modelled probability of fractures in Figures 5B and @@ as well as comparison with the
damage-based results in Figures 7a and d0¢:

The main pattern of surface fractures is well represented for this group. On grounded ice the success of identifying fractures
is larger than 88% with a quarter of glaciers at almost 100%. The failure related to ©@Ver=estimation of fractures is 27%. On
floating ice the success amounted to 55% and the failure was equal to 15% on average. For Vanderford IS (see Fig. SB) the
overall pattern is well represented, even though high resolution images were not available for this glacier. The Gver=estimation
error is mainly related to the region that is far from the ice front and has a relatively high accumulation fate; possibly obscuting
the'fracturesiin thelimagery. On floating ice the probability of fracturing is relatively smaller, mainly showing a higher chance
of fracturing closer to the groundling line. Conversely, Drygalski Ice Shelf has a larger number of high resolution areas and, as
a possible result, less @ver=estimation of fracturing (see Fig.@€)) We can see that the(*défifiitely non-fractured nodes" (selected
in blue ice areas) are successfully represented in our model. For this (gla€i€f) none of the observed non-fractured nodes was

assigned to have a high probability of fractuting; with the modelled probability B€ifig) as low as 0.1. Moreover, in the regions
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with a large number of observed ffactures; the probability is as high as 0.9 and 58 slightly l6wer in the areas with a Smaller
number of observed fractures (between 0.6 and 0.8). (@bserved fractures not captured by eur model were not captured by the
damage-based model either.

The'modelling results for the Cook ice shelf are shown in Fig. @b2 There are distinct fractures visible towards the front and
in-the-central-part of the ice shelf that are not captured by (€ithéf'approach; which'werinterpret as’showing that most of the
fractures are formed further upstream near the groundling line. Jfi"géfiéfal) the probability and the [damage=baseéd models show
good agreement on the floating ice.

The modelling results for Larsen B IS are illustrated on Figure @0 It is clear that the nodes where damage is high have a
high probability of fracturing due to the fact that we added damage as one of the predictor parameters to this glacier. It can be
also seen that there are two lines of high probability of fracturing that coincide with the location of the large rifts that can be
seen on the satellite images.

The results for Nansen IS (Fig.(8€) as well as for Pine Island (Fig. 6a) agree well with observations even though the data
from hesetworglaciers’were not included in the calibration data set used to construct the ERA model. For Pine Islandj we
observe fractures in the central part of the shelf that were not captured by the @model;but our model predicted high probabilities
of fracture upstream where the ice is (grounded: Thus; these fractures are (likely advected from) the (grounding line out onto'the

floating ice shelf.
5.2 Group2

The model for the second group of glaciers has the best-fit when the bed slope is excluded. Effective strain rate and surface
slopes were found to be the most important predictors in the model for this group.

For this group the LRA method predicts fractures with a 70%-90% success on grounded ice and finds about 67% of observed
fractures on floating ice with an ©Over=estimation of 25% and 27%, respectively. In most cases the model represents the non-
fractured nodes with high precision, except for the slight Gver=estimation at the front of the ice shelf. Similar situations are
observed for most glaciers in this group: the area of floating ice is relatively small, thus the main prediction is performed for
grounded ice. For, example, for Edward VII IS and Rayner Thyner IS (Fig. 4@ and @bj respectively) the modelled probability
captures most of the fractured as well as non-fractured nodes on grounded ice with the exception of a few very small regions
that are outside of the high resolution image areas.

Interesting results were found for Larsen A IS (see Fig. (5a)} showing a very good agreement between our model and the
observations. We can see that the nodes observed to be non-fractured and located within the high-resolution regions have loWwet
probabilities) of fracturing predicted’ by the) LRA method. Both the LRA @nd damage-based results for Shirase IS (Fig. (111a)
are similar on floating ice, although LRA method captures a slightly higher number of fractures? We infer that most of these

fractures are formed further upstream on grounded ice.
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5.3 Group3

This group includes 4 ice shelf regions, namely Totten IS, Nivl IS, Dibble IS and Holmes IS. These glaciers were very sensitive
to the choice of predictor factors and the JSD process could not assign them to either of the two (@forementioned 'groups: The
mean success rate for this group was around 93% with an GVer=estimation rate just above 23% on grounded ice, and 56% and
23% success and error on floating ice, respectively, Potentially, in the model for this group we could include the proximity
to the ice front since it produces slightly better results for 3 of the 4 glaciers. However, it lowers the success rate for Nivl IS
significantly. Thus, in order to achieve a set that would give a good-fitting model for all of the glacier we exclude back stress
and the ice front proximity from the list of predictor factors for this group.

In terms of results for Holmes IS (Fig.(8a); there was good agreement between damage and LRA models as they both were
able to predict the main fracture patterny However, the LR A (predicted the @bserved fracture pattern) slightly better, especially at
the front of the ice shelf. Similarly, for Dibble IS (Fig.9€)j both methods produced similar (patterns) although the'EIRA'method
had a higher over-estimation error. Nevertheless, the LRA method was able to more precisely estimate fractures at the western
part of the ice shelf.

Finally, we present the result for the Totten IS (see Fig. [Ifl€)) The images we used for this glacier were very hard to interpret

due to the presence of many features on the ice surface as well as the low resolution of the imagery. Interestingly, for-the Totten

of the fractures we could observe on the floating ice, displaying similar distribution patterns. Although, the Gver=estimation
is relatively high on grounded [c€j it is MOt'POSSible to say Whether there are no fractures there and that our model shows

over-estimation for this glacier or fractures are not visible due to the low resolution images.
5.4 Group 4

This group includes Larsen C, Amery, George IV and Borchgrevnik IS. The average success and error for this group amounted
to 66 and 5% and 56 and 20% for floating and grounded ice, respectively. The most important predictor factors in this group
for floating ice are effective strain rate, surface gradient change and ice thickness, while for prediction of fractures on grounded
ice curvature and surface velocity need to be included in the model. For all of the ice'shelves/glaciers)in this group we found that
including the ice front and grounding line proximity distorts the model, increasing significantly the error due to Gver=estimation
of fractures. For Borchgrevnik IS it alsod@dto a drop of the success rate of fracture prediction. In addition, Larsen C and Amery
Ice Shelves can be grouped together but cannot be included in any of the groups mentioned above. For these glaciers only a
small number of predictors fié€déd to be included in the model. The Bayesian analysis also confirmed the sensitivity of the
Amery fracture model to this set of predictor factors. The LRA model for the Amery IS (Fig.6b) was able to capture most of
the fracture pattern on the grounded ice and near the edges ©fithe floating ice @nd'démonstrated a similar pattern to the damage

model. For George IV (Fig.(9b) we observe a very good agreement with observations both on floating and grounded ice. There
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is-a high probability of fracturing in most lo6cations where the high damage zones are predicted. Overall, for both ice shelves

we can see that the majority of fractures are formed further upstream ©f the grounding line.

6 Glacier Characteristics
6.1 Group 1

The ice shelves/glaciers in this group have a number of characteristics that distinguish them from other ice shelves/glaciers.
Most of them are relatively wide with a large floating area. The floating part is not restricted by any channel walls and the
width of the shelf is similar to its length. All glaciers in this groups are relatively static, with less curvature or significant surface
elevation changes. However, there were two exceptions: Abbot IS and Drygalski IS have slightly different characteristics. First,
Abbot is a wide glacier that @xhibits most of the properties of Group 1. However it has a large number of glaciers that restrict
its outflow towards the ocean and, therefore, it has similarities with the glaciers from Group 4. This observation is in good
agreement with the JSD results that showed that Abbot IS*€ould be assigned also to Group 4 as the change in JSD distance
in this case would be very small. Second, the JSD results showed that Drygalski IS could be as well placed in Group 2 or
Group 3. This ice shelf has some characteristics similar to Group 2 (large number of nunataks) and Group 3 (a very long
floating tongue). Therefore, we suggest that some glaciers have mixed features of Group 1-Group 2 (such as Vanderford) or
Group 1-Group 3 (Ekstrém, Tracy-Tremenchus, Rennik), however they still have more characteristics of Group 1 and produce

better-fitting results when assigned to this group.
6.2 Group 2

This group includes a relatively smaller number of ice shelves/glaciers. All of the ice shelves/glaciers have a large aumber of
nunataks and smaller ice thickness as well as many small narrow channels and fast ice streams. They are mostly located on the
Antarctic Peninsula or near the Trans-Antarctic Mountains. All of the ice streams are relatively steep which may explain why

it is necessary to include surface slopes in order to achieve a good-fitting @model:
63 Group3

Group 3 glaciers were found to have many similar features. Most of the ice shelf regions in-this-greup have one relatively
long glacier that flows inside an embayment. For most of them the i€e'shelf is much (6figet than (ffiswide} and they all have a
very low glacier channel curvature. The surface velocities of these ice shelves/glaciers are relatively high) which @Xplains why
changes in strain rate and surface velocity are the most important predictors for this group.

Interestingly, although the average back stress for Totten IS is one of the highest out of all @5 ice shelf regions, including it
in the model does not significantly change the ffacture’probabilities’ Thus, apparently, even fhough predictors may-have large
magnitades;they-ean make just minor contributions to the constructed probability and other predictors dominate the fractufing

process for the Totten IS. The effective strain rate is also one of the highest for Totten, but we found that it is not this predictor
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that mostly contributes to ffacturing) rather it is the effective strain rate gradient. Thus, sudden changes in the flow regime of

the glacier would be the most likely cause to promote an increase of the number of fractures.
64 Group4

The JSD analysis has shown that Borchgrevnik IS could also be assigned to Group 1, but it produced slightly better results
being placed in Group 4. On the other hand, Amery and Larsen C need to be strictly assigned to Group 4 only. George IV IS
and Amery IS have similar characteristics as they are both narrow and long (in fact much longer than any other ice'shelves
of this type in Antarctica) and are located inside an embayment. Although Larsen C IS is not inside an embayment, it is a
significantly long and narrow ice shelf stretching around the coast. Borchgrevnik IS also has similar features to the Amery and
George IV ice shelves as it is of a similar shape and is located inside a narrow channel. However, it does not have exactly the
same characteristics as the other ice shelf regions in this group as it is much shorter, which could be why JSD showed that it
couldalsoe be placed in Group 1.

On the Amery IS (see Fig.[@b) most of the fracturing occurs upstream of the(gfoundingline) There were a number of fractures
(right hand side of Fig. 6b; close the the ice front of the glacier) that could not be represented by our models. However, the
uncertainty of the fracture observations in this area is high due to the difficulty distinguishing them from the surface features
caused by basal crevasses.

Adding the proximity to the grounding line and the ice front as-predietors did not produce a good fit for the Borchgrevnik IS
because of the specific shape of this region. The distance between the ice front and the grounding line is very small relatively

to other glaciers in our analysis.
6.5 Discussion

We found that, in general, the most important predictor factors to model surface fractures en-grounded-ice for all analysed
glaciers were the surface velocity and fhe'¢hange of the surface gradient, which is in agreement with the theory of possible
mechanism of fracture formation (Colgan et al., 2016). Interestingly, the required parameters on floating ice were different
from'groundediice) with effective strain rate and principal stress being the most important. Preévious analysis based on damage
accounts for effective stresses, thickness and viscosity, but does not include such predictors as proximity to glacier edges,
nunataks and the grounding line as well as the curvature of a channel, which helped to improve the modelling of fractures on
most ice shelves in our analysis. Our results can be used to idéftifypotential' fegions With) snow covered crevasses (that may
pose'hazards) for navigation in Antarctica. Many researchers use ground penetrating radar to find hidden erevassesy but it is
a real time assessment method that requires both financial and human resources and, therefore, can not cover all the areas in
Antarctica. Our approach can be done remotely and at low cost, in advance of field campaigns.

We do not claim that all the predictors that were chosen in the final set for each group represent the exact fracture mechanisms
for each glacier. Fof some (iceshelf fegions) sets containing different predictors can lead to results close to theBestfitting model.
However, for some gasesy such as Amery and Totten Ice Shelves the number of good-fitting models is very limited. For example,

including the @ffectiverstrain'rate and proximity to the ice front in the analysis we can achieve a better fit to the observations.
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Therefore, we conclude that some factors have a very strong effect on fractufing; while'others'ate’only minor for some glaciers.
Ultimately, we seek only to be able to develop a model that can identify correctly the geographical location of fractures, not
necessarily explain why they are there.

The main uncertainty of our method is'telatedto the Gver=estimation of the number of fractures. If’could'berargued thatwe
predict fractures in-the locations-where-no-observations-of fractures-are-detected-due-to-thefact-that-they are not visible due
to'snow accumulation‘or coarse'resolution? A possible solution to this could be to supplement satellite images with radar and
seismic measurements (Navarro et al., 2005; Delaney and Arcone, 2005) or to acquire higher resolution satellite images that
can help to identify location of fractures even if they are hidden under the snow surface. However, for our method it would
require a large set of observational data. In our paper we assume that 20-25% rate of over-estimation iSiféasonable; sificé) most
of our results show (@Ver=estimation when' predicting fractuies in the areas around observed fractures. Our assumption is based
on the fact that the ice regime conditions are similar within a 500 metres radius, not implying any direct influence of the old
fractures to the new fractures (Colgan et al., 2016). In addition, the area of high probability of a fracture is larger than the
number of observed fractures mainly due to the fact that it is @6tpossible to select all of the fractures on the satellite images
manually. The observed fractures in-or-evaluation data set capture the main areas of fracturing assuming that surrounded nodes
are likely to be fractured as well.

Avsighificant over-estimation) of (predicted fracturing can be §€ed at the front of (Vanderford IS (see Figi'5b); suggesting that
thet@ is a very high chance of developing surface fractures in that areas It may be that fractures exist there that are just not visible
on the satellite images. In fact, that region has a relatively high snow accumulation rate reaching 1 m/yr. After closer inspection
of the satellite image areas where we see the over-estimation error, we can recognise the presence of surface fractures @nd'we
may have under-identified existing fractures'in that'area Due to a very large number of fractures around Antarctica, the manual
selection of all the fractured data points is a time intensive process. Sampling with a higher spatial density would require an
automated algorithm. However, the low spatial density sampling does not influence the results of the fracture probability (as
mentioned previously only diversity in sampling is important), it affects only the observations data set that we use to estimate
the success of our model. Thus, under-identification of fractures can lead to an apparent Gver=estimation of the error.

The damage-based approach sometimes produces areas of high damage downstream ©f the observed fractures (Fig. Q@) If
we assume that there are some fractures that are @6t Wisible on the images it is still unclear why the modelled ice is not damaged
upstream where observed fractures are present. If we could see damaged ice upstream from the observed fractures we could
assume that the ice was damaged and transported downstream where we can see fractures. However, in many results based
on the damage approach we could not identify this type of behaviour. Even after correcting the observations of fractures by
back integrating the flow of ice, we still can find fractures that do not have zones of high damage ipstréam of the fractures:
In addition, the method based on damage inversion predicts only damage on floating ice, whereas fractures are often formed
upstream ©f the grounding line. In eur probability-based model this type of behaviour isfaccounted for and the model in
most cases Overestimates fractures (©nly in he vicinity of or upstream ©f observed fractures. In Figure 8@ we show modelled

probability of fracturing for Holmes IS. (Thelover=estimation rate is quite small and it all occurs upstream @f the observed

24



Compare: Move�

artifact

This artifact was moved from page 20 of this document to page 20 of new document



Compare: Move�

artifact

This artifact was moved from page 21 of this document to page 21 of new document



Compare: Delete�

text

"5 10 15 20 25 30"



Compare: Replace�

text

[Old text]: "fracturing, while others are only"
[New text]: "fracture formation process and some"



Compare: Insert�

text

"5 10 15 20 25 30 35 still have an effect but it is"



Compare: Replace�

text

[Old text]: "is related to"
[New text]: "comes from"



Compare: Replace�

text

[Old text]: "over-estimation"
[New text]: "overestimation"



Compare: Replace�

text

[Old text]: "It could be argued that we predict"
[New text]: "We do not know how many"



Compare: Delete�

text

"in the locations where no observations of fractures are detected due to the fact that they"



Compare: Replace�

text

[Old text]: "due to snow accumulation or coarse resolution."
[New text]: "on satellite images as well as it is not certain if the damage-method with given parameters can predict fractures for any given ice shelf, therefore it is uncertain what overestimation rate we should allow in our model."



Compare: Insert�

annotation

Matching annotation not found



Compare: Replace�

annotation

The following annotation attributes were changed: 
   other



Compare: Insert�

annotation

Matching annotation not found



Compare: Replace�

text

[Old text]: "is reasonable, since"
[New text]: "should be reasonable. We can see that"



Compare: Replace�

text

[Old text]: "over-estimation when predicting fractures"
[New text]: "overestimation of fracture formation"



Compare: Insert�

text

"This shows as well that our overestimation might be reasonable as fractures are more likely to be formed if there are other fractures already present nearby."



Compare: Replace�

text

[Old text]: "not possible"
[New text]: "impossible"



Compare: Replace�

text

[Old text]: "A signiﬁcant over-estimation"
[New text]: "The overestimation"



Compare: Replace�

text

[Old text]: "predicted"
[New text]: "the"



Compare: Insert�

text

"in the case of Vanderford (see Fig. 4b)"



Compare: Replace�

text

[Old text]: "seed"
[New text]: "seen mainly"



Compare: Replace�

text

[Old text]: "Vanderford IS (see Fig. 5b), suggesting that there"
[New text]: "the ice shelf."



Compare: Insert�

text

"There"



Compare: Insert�

annotation

Matching annotation not found



Compare: Replace�

text

[Old text]: "area."
[New text]: "area and therefore it might"



Compare: Delete�

annotation

Matching annotation not found



Compare: Delete�

text

"It may"



Compare: Insert�

text

"the"



Compare: Delete�

text

"exist there that"



Compare: Insert�

text

"yet"



Compare: Replace�

text

[Old text]: "and we may have under-identiﬁed existing fractures in that area. Due"
[New text]: "but, due"



Compare: Replace�

text

[Old text]: "over-estimation"
[New text]: "overestimation"



Compare: Replace�

text

[Old text]: "of"
[New text]: "from"



Compare: Replace�

text

[Old text]: "9d)."
[New text]: "8d)."



Compare: Replace�

annotation

The following annotation attributes were changed: 
   other



Compare: Replace�

text

[Old text]: "our"
[New text]: "the"



Compare: Replace�

text

[Old text]: "is accounted"
[New text]: "accounts"



Compare: Delete�

text

"the model"



Compare: Replace�

text

[Old text]: "overestimates"
[New text]: "overestimation of"



Compare: Replace�

text

[Old text]: "only"
[New text]: "occurs"



Compare: Replace�

text

[Old text]: "the"
[New text]: "a"



Compare: Delete�

text

"of"



Compare: Replace�

text

[Old text]: "of"
[New text]: "from"



Compare: Replace�

text

[Old text]: "8a"
[New text]: "7a"



Compare: Replace�

annotation

The following annotation attributes were changed: 
   other



Compare: Replace�

text

[Old text]: "The over-estimation"
[New text]: "We can see that the overestimation"



Compare: Replace�

text

[Old text]: "of"
[New text]: "from"



Compare: Insert�

text

"fractures,"



Compare: Move�

artifact

This artifact was moved to page 24 of new document



Compare: Replace�

text

[Old text]: "necessarily"
[New text]: "necessary"



Compare: Insert�

text

"selected"



Compare: Delete�

text

"in or evaluation data set"



Compare: Insert�

text

"it is important to note that"



Compare: Replace�

text

[Old text]: "not visible"
[New text]: "invisible"



Compare: Replace�

text

[Old text]: "upstream of the fractures."
[New text]: "downstream."



Compare: Replace�

text

[Old text]: "of"
[New text]: "from"





10

15

20

25

30

fraetures; which might be due to fractures that were formed further upstream being transported downstream where they are
visible on the satellite images.

We looked at various properties of ReaneIS for which we could not find a good approximation using any of the{l'7'predictors:
We found that the Ronne IS has the lowest elevation change as well as the principal stresses components. We do not have enough
samples to cover values that are non-typical for the majority of glaciers, which {ayexplaii’why) we could not find a good-fit
model for this ice Shelf;neither with IERAnor using the (Bayesian'analysis? Thus, we conclude that our probabilistic model is

not appropriate in'this'case:

7 Conclusions

Most previous lafge=scalé) modelling of Surfacefractures has focused on applying zero-stress; Einear Elastic Fracture Mechan-
ies; Continuum Damage Mechanics. We have shown that, using the suggested nominal (parameters; damage-based approach
does not fully reproduce the 16€ation of fracturing for any ice shelf @€gions In this Study, we Constructed a (probability-based
method to model surface fractures and generated improved predictions of fractures when physics-based models did not predict
well the location of surface fractures. From this different perspective, we can construct an alternative method to predict the
lecation'ef fractured zones not only on floating ice but also on grounded ice.

We found that the Logistic Regression (Afalysis) combined with other statistical @ethoeds; can significantly improve the
prediction of fractured'zones for the Antarctic ice shelves/glaciers and can lead to the identification of up to 99% of observed
surface crevasses for some ice shelf regions with an average of 70% for all ice shelf regions. Our approach has a number of
uncertainties and leads to some (Gver=estimation of the number of fractures in comparison to the observations, but the rate is not
significantly higher than the @ver=estimation error found when using the damage-based method. However, the damage-based
method didnot predict location of many fractures @ither upstréam o) downstream from-the-observed-locations; suggesting an
underestimation when applying the damage Method¥It is possible that damage-based method needs to be tuned for every ice
shelf separately, but this is beyond the scope of this study.

We classified the Antarctic ice shelf regions into 4 (groupsywherericeshelves/glacierstin'éach group have similar charac-
teristics and-each-group has a set of (predi€tors) that can be used to (predict the location of (fractures: Although; there were ice
shelves/glaciers of specific shapes and having specific regimes that are more difficult to describe applying the general set of
factors suggested in this §tidy; overall our method Provides a tool that can be used in the analysis of ffactiifiig) for most of the
ice shelves/glaciers in Antarctica.

This-statistics-based-method-can-help-to-expand-our-current knowledge-of the-crevasses-as-well-as-improve-mapping-of
potential- hazards: Our model is easy to implement and can be effectively used as a basis for modelling-of fracture-propagation

and the first step in implementing a calving parameterization in ice sheet models.
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Table 1. Development of calving parameterisations

Year Reference Method

1955 Crevasse penetration depth using tensile stress and overburden pressure  Nye (1955)

1973  Crevasse penetration depth of a single crevasse Weertman (1973)

1976  Crevasse penetration depth estimation using LEFM Smith (1976)

1993  Strain related fracture formation Vaughan (1993)

1997  Sea level dependent calving Motyka (1997)

1998 Linear Elastic Fracture Mechanics Van der Veen (1998a, b)
2003 Damage mechanics for a single crevasse Pralong et al. (2003)

2005 Damage mechanics for a single crevasse Pralong and Funk (2005)
2007 Crevasse depth Benn et al. (2007a, b)

2010 Crevasse depth Nick et al. (2010)

2010  Crevasse depth Otero et al. (2010)

2012 Damage mechanics applied to a crevasse field Borstad et al. (2012)

2012 Kinetic 1st order calving Levermann et al. (2012)
2012 CDM Duddu and Waisman (2012)
2013 CDM Duddu and Waisman (2013)
2013 Discrete element models Bassis and Jacobs (2013)
2013  Particle-based simulation Astrom et al. (2013)

2013  Crevasse depth criterion Nick et al. (2013)

2014  Crevasse depth criterion Cook et al. (2014)

2014 CDM Albrecht and Levermann (2014)
2014 Combining CDM and LEFM Krug et al. (2014)

2016 von Mises tensile stress
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Table 2. Predictor factors (predictors)

Type Predictor

Description

Ice thickness

Bedmap?2 data for Antarctica at 1 km spatial resolution

Maximum-bed-slope

Maximum-surface-slope

Bedrock and ice surface slopes are calculated using a nodal function

g Proximity to the ice front DMy, calculated using Eq. 9
E_, Proximity to grounding line DML, calculated using Eq. 10
Proximity to glacier edges and nunataks
Curvature Curvature of the glacier channel «, calculated in each node based
on the direction and rate of the flow velocities (see Eq.(11)
back stress Buttressing effect on ice streams calculated in ISSM from inversion
Velocity InSAR ice flow velocity
# Rheology predictor B, Glen’s flow predictor,
3
*g (viscosity) calculated from inversion of velocities (only for floating ice)
g Effective Strain rate The effective strain rate is calculated
E using Eq. 8 with observed velocities as an input
=

Principal stress (1 and 2)

Eigenvalues A (normal stresses) in Eq. @

Principal strain rate (1 and 2)

Eigenvalues p (see Eq. 7)

Strain rate gradient

Maximum strain rate change in a 400-600 metres vicinity

Table 3. Formed groups of ice shelf regions

Greupl 9,10, 112,13, 15,1820, 21,23, 25,26, 30, 31,32, 34,4, 29

Group2  3;6;7,8,19,27,28, 33,35

Group3d 14,17,22,24

Group4 1,2,5,16

Glaciers/ice shelves for which we could not find a good-fitting probability are marked with red.
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Table 6. A list of analysed ice shelf regions

Glacier Group Corresponding IS name Region

1 4 George IV Palmer land, AP

2 4 Larsen C Fallieres Coast, AP

3 2 Larsen D Black Coast, AP

4 1 Orville Coast side of the Ronne IS~ WA

5 4 Amery EA

6 2 Edward VII Mawson Coast, EA

7 2 Rayner Thyner EA

8 2 Shirase Prince Harald Coast, EA

9 1 Stancomb-Brunt Caird Coast, EA

10 2 Riiser-Larsen Princess Martha Coast, EA
11 3 Fimbul IS EA

12 1 Abbot Eights Coast, WA

13 2 Baudoin Princess Ragnhild Coast, EA
14 3 Nivl Princess Astrid Coast, EA
15 1 Borchgrevnik and Lazarev Princess Astrid Coast, EA
16 4 Borchgrevnik Princess Raghild Coast, EA
17 3 Dibble IS Clarie Coast, EA

18 1 Mertz IS EA

19 2 Rennik Pennell Coast, EA

20 1 Cook George V Coast, EA

21 1 Ninnis George V Coast, EA

22 3 Holmes Banzare Coast, EA

23 1 Moscow University Sabrina Coast, EA

24 3 Totten IS EA

25 2 Vanderford IS EA

26 1 West IS Queen Mary Coast, EA

27 2 Larsen C Oscar II Coast, AP

28 2 Larsen B Nordenskjold Coast, AP
29 2 Larsen A Davis Coast, AP

30 3 Tracy-Tremenchus Knox Coast, EA

31 1 Drygalski Scott Coast, EA

32 2 Mariner Borchgrevnik Coast EA

33 3 Rennik Lazarev Mountains, Oates Coast, EA

AP - Antarctic Peninsula, EA - East Antarctica, WA - West Antarctica, IS -ice shelf
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Table 7. A list of analysed ice shelf regions

Glacier Group Corresponding IS name Region

34 1 Filchner Coast Land, WA

35 2 Ross East Hut Point Peninsula, EA

36 1 Wilkins and George VI Rumill Coast, AP

37 1 Stange and Ferringo IS Bryan Coast, AP

38 1 Pine Island and Thwaites =~ Walgreen Coast, WA

39 2 Getz Hobbs and Bakutis Coast, WA
40 1 Nickerson and Sulzberger Ruppers Coast, WA

41 1 West Leopold and Astrid Coast, EA
42 1 Jelbart and Atka Princess Martha Coast, WA
43 1 Nansen Borchgrevnik Coast, EA

44 1 Prince Harald Prince Harald Coast, EA

45 1 Larsen B Oscar II Coast, AP

AP - Antarctic Peninsula, EA - East Antarctica, WA - West Antarctica, IS -ice shelf
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(a) Success and Error
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[ success LRA
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(b) Location

Figure 2. Success and error percentages for LRA for grounded ice is shown in panel a. Results for the floating ice applying LRA vs. Damage

method is shown in panel b.
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Legend

B Ocean
[l Ice shelves
] Grounded ice

(a) Location
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(b) Distance to the ice front

Figure3: The location of each of the 45 ice shelf regions is shown in panel a. The number of observed fractures versus distance from the ice

front (b).
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(b) Rayner Thyner IS, Group 2 (c) Drygalski IS, Group 1

| ]:_

0 0.2 0.4 0.6 0.8 1
<-- Less likely to fracture / More likely to fracture -->

Figure @) Modelled probability of a fracture for Group 2: Rayner Thyner IS (a) and Edward VII IS (b) and Group 1: Drygalski IS (c) .
Observed surface fractures are shown in green and observed non-fractured ice is marked with blue crosses. (Cyan'boxes) represent regions

where high resolution images were available. Black solid line shows t-he location of the grounding line.
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(b) Vanderford IS, Group 1

0 0.2 0.4 0.6 0.8 1
<-- Less likely to fracture / More likely to fracture -->

Figure 52 Modelled probability of a fracture for Group 2: Larsen A Iﬂa) and Group1: Vanderford IS (b). Labels are the same as Fig. 43
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Figure 8. Modelled probability of a fracture vs. modelled damage for Holmes IS (Group 3) (a, b) and Nansen IS (Group 1) (c, d). Labels are
the same as in Fig. @ and @ 38
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Figure9: Modelled probability of a fracture vs. modelled damage for George IV IS (Group 4) (a, b) and Dibble IS (Group 3) (c, d). Labels
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Figure @02 Modelled probability of a fracture vs. modelled damage for Moscow University IS (Group 1) (a, b) and Larsen B IS (Group 1) (c,
d). Labels are the same as in Fig. @ and @
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Figure @12 Modelled probability of a fracture vs. modelled damage for Shirase IS (Group 2) (a, b) and Totten IS (Group 3) (c, d). Labels are
the same as in Fig. @and @ .
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