Response letter to review for “Modelling steady states and the transient
response of debris-covered glaciers” by J.Ferguson and A.Vieli

Dear Dr. Zekollari,

Thank you for continuing to handle the review process for our manuscript. We have addressed all the reviewer’s
comments below.

Best wishes,
James Ferguson and Andreas Vieli

1 Summary

We would like to thank the reviewer for a further helpful review. In order to address the valuable suggestions
and proposed improvements, we have substantially rewritten portions of the manuscript, included additional
convergence testing results, completely redrawn the schematic figure and included an additional supplementary
figure. In what follows, we show first the reviewer’s comments in black and then our response in blue. At the end
of this document, we provide a marked-up version of the manuscript which shows the changes that were made
between the original and the newly revised.

2 Major comments

Thank you for taking the time to revise the manuscript. It is much improved and, from my view, close to being
ready for publication. There are however some model descriptions that are not yet accurate and greatly hamper
the ability of the reader to understand what the model actually does. Some comparisons to other work are also
inaccurate and should be adjusted before the manuscript is ready for publication.

The first relates to the lack of clear explanation regarding the toe parameterization used in this study.

Grid size dependence

The toe parameterization presented here is in fact grid-size dependent but it is presented as if it is not in the
main manuscript. Note that my comments reference the new updated version of the manuscript, not the marked
up version. From Lines 129-131:

“We note that although the terminal boundary condition used here is similar to the one implemented in An-
derson and Anderson (2016), since in both cases the glacier ends with a small debris-free terminal ice cliff, our
choice of boundary condition has the subtle but important feature of being independent of grid size.”

From line 570 describing the toe parameterization used in this paper:

“This boundary condition is found to be grid size independent in the sense that it results in steady state glacier
extents that converge to a constant value as the grid size is decreased.”

A strong contrast is drawn in the text between the toe parameterization approach of A & A (2016) and the



one presented here (see lines 130-131 and 574-577). The grid size dependence is explained in A & A (2016):

“In our model, the debris thickness h debris (x, t) represents a layer of equal thickness on any cell. Debris
thickens more slowly with a larger dx because the debris volume advected into a cell is spread over a larger area
(due to the larger dx; dy=1; dy (in m)). There is there- fore a timescale built into the thickening of debris in a
cell that is dependent on dx. Because ablation rates are sensi- tive to debris-cover thickness, changing dx has an
effect on glacier evolution.”

But there is virtually no difference between the model of A and A (2016) and those that follow and the new
model presented here. Both models are grid size dependent and the effect will be reduced in both models as
dx is reduced. Please update the text so this false distinction between the models is removed. (see text in the
Line-by-line comments below as well).

We apologize for the inconsistency and potential confusion with regard to the grid size dependency in the text.
We addressed this issue by rewriting parts of both the Methods section and Appendix A, clarified the grid size
dependency issue and also added a table in Appendix A and a new supplementary figure to demonstrate conver-
gence. While we agree with the reviewer that strictly speaking our method is grid size dependent, we now more
clearly state this and demonstrate convergence of the results for decreasing grid size. Note that for the grid size
of 25 m used in the modelling presented in the paper, the dependency is weak (further see line-by-line comments
for details).

We further clarified our method of the toe parametrizations (section 2.1.4, Appendix A and revised the schematic
Figure A2 in Appendix A) and clarified potential differences to the approach by Anderson and Anderson (2016)
(A and A). However, we would like to note here that in our manuscript we do not aim to focus on a model-model
comparison, nor do we try to judge which model or toe parametrization is better. But rather we try to explain
our approach, explain why we did it in this way, and highlight potential differences to the model of A and A.
These differences are not always that easy to assess as we do not have access to the code of the A and A model.

Accurate explanations of the toe parameterization

The way that the sub-grid ice cliff location is found is not yet explained in Appendix A. Line 564: “Since the
critical ice thickness will generally fall between two grid points, a sub-grid interpolation is performed to determine
the exact location of the ice cliff.”

It seems like some sort of power function is shown in Figure A2 to estimate sub-grid the terminal location.
Looking to the code though it looks like the x location of the ice cliff is determined by linear interpolation be-
tween the numerical terminus of the glacier and the next cell. This does not match what is shown in Figure A2.
Please update Figure A2 to show what actually happens in the code and the text to explain the actual means of
interpolation used in the code.

It seems that our explanation may not have been clear enough and therefore we added further details on this. The
ice cliff location is actually not found by interpolation with the glacier terminus at all, since the ice cliff occurs at a
critical ice thickness. Rather, as we state now more clearly in Appendix A — and as is shown in the accompanying
code — this sub-grid location is found by linear interpolation between surface grid points. We have rewritten the
text in Appendix A to clarify this point and revised the related schematic figure A2 in the Appendix. See the
line-by-line comments for more details.

Furthermore it is not clearly stated that the melt in the last cell is based on melt rates that are an average
of the glaciated and non-glaciated parts of the cell (see equation Al). This is a non-physical representation of the
melt rate at the toe of a DCG. This is not necessarily a problem, it is just not clearly stated. Tying Figure A2
to equation Al is also needed as right now they do not reflect what actually happens in the code. This includes
defining x*, x; and x;41 in Figure A2. Without this explanation the reader cannot reproduce the toe method



presented in the manuscript.

We need to clarify here, that we do not use an average of sub-grid melt rate but a weighted average. This
is a crucial distinction because it allows our method to capture sub-grid effects at the transition from debris cov-
ered to terminal ice cliff more accurately. This weighting is already correctly represented by equation Al, where
the weighting given to the melt rate components is proportional to their respective grid cell length fractions. In
order to make this more transparent, we have adjusted the text and added more detail to Figure A2.

Furthermore, we believe this is a reasonably accurate representation of the physical processes that govern de-
bris transport at the terminus, as is represented in the two real world examples depicted in Figure Al, where
the terminus has a debris-free ice cliff. The reader has not only the equations which define the boundary con-
dition but also the freely available source code, which will allow an accurate reproduction of the methods used here.

Line 563 “All the surface debris transported past the icecliff location x* slides down the cliff and out of the
system.”

The model real does not represent debris transport at all after cell x; and there is no ice cliff backwasting that
removes debris from the glacier surface. In the actual model any debris that flows beyond cell x; is removed from
the glacier because it is set to zero in the code. Please update this description as it does not accurately represent
how debris is actually removed from the modeled glacier.

There are really only two ways debris can leave a glacier 1) by ice cliff backwasting and 2) by gravitational
mass wasting (A&A 2016). These processes are not represented in the model presented here.

Again, it seems our explanation of the boundary condition was not clear enough and the reviewer seems to
have misunderstood how our boundary condition works, since in fact in our model, debris leaves the system by
both of these processes. Terminus backwasting occurs during a retreat, when the glacier cannot supply enough
mass flux to keep the glacier at its current extent. This occurs in Figure 5b between At = 0.8 and At =1 and is
clearly seen in the accompanying animation. Gravitational mass wasting implicitly occurs when the debris falls
off the glacier at a terminal cliff due to the effects of gravity (by removing all debris beyond the position x* at the
critical thickness H*). This is the principal way debris leaves the glacier in our model and this is why we do not
transport debris past the location of the ice cliff z*, since it is assumed to fall off the glacier at a timescale that
makes it irrelevant for the surface mass balance further downglacier. We added a few sentences in Appendix A
to improve the general explanation of our toe parametrzation and how the debris leaves and further added some
more details of how it is implemented in the code (see detailed line-by-line comments).

Constant englacial debris concentration and DCG memory

One important conclusion presented in the abstract and conclusion (that cold periods will disproportionately
increase DCG length/size causing a form of hysteresis) is consistent with the effects of the assumed constant,
uniform englacial debris concentration. As a glacier grows due to colder temps, more debris will be present in the
glacier across entire ablation zone than should be for a steady headwall erosion rate. This will tend to increase
the glacier size due to a non-physical increase in debris on the glacier surface. Because this hysteresis is consistent
with the effects of constant englacial debris concentration in a glacier that is changing size I am not convinced that
this hysteresis is a real effect for DCGs. The non-physical nature of the toe parameterization may also contribute
to this but it is hard to evaluate this without taking into account the conservation of debris mass in the model
presented here.

Here is what the model of A &A (2016) does when working through a climate cycle allowing for englacial debris
advection (figure 20 from Anderson et al., 2018):
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There is very little change in maximum glacier length despite cold and warm cycles. Is the amplification seen in
this model is in fact dependent on the constant englacial debris assumption. I note the caveat that this model is
meant to represent a small DCG transitioning into a completely DCG (rock glacier) but the enhancement effect
is absent outside of the first cycle.

Compared to figure 6 from this study:
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The reviewer suggests here that the tendency to stagnate and advance (see abstract) under a fluctuating climate
forcing is due to the non-constant input of debris in our model. Although we agree with the reviewer that this
non-constant debris input will have some effect and provides some limitations, we are confident that it does not
affect our main conclusion of asymmetric length response under a fluctuation climate on century time scales. The
evidence from both our paper and from additional experiments we report here does not agree with the reviewer’s
suggestion, which we explain in the following and also further clarify in the manuscript.

(i) We stress that our simple step experiments clearly demonstrate an asymmetry in length response (less so
for volume response), meaning for a step-warming the length retreat is strongly delayed (stagnated terminus for
several decades/a century). This is simply an effect of terminus stagnation due to the debris insulation and occurs
despite a reduced debris input. In contrast, for a cooling the advance occurs almost immediately. This means for
climate perturbation over century time scales the glacier terminus struggles to retreat (in a warming phase) but
may be able to advance (for a cooling phase). Note that for longer warming periods (or several successive century
long warm periods; see random climate experiment Fig. 9) the terminus has enough time to completely collapse
and fully retreat (see for example after 1200 years and 4800 years in Fig 9c). We added some sentences in the



discussion (in model limitations 4.6) to clarify these points, for specific text see below and tracked changes in the
modified manuscript.

(i) We do not think the modelling experiment of Anderson and Anderson (2018) that the reviewer refers to
is a valid comparison, nor does it truly disagree with our modelling results. We point out that the transient
response of any model will be highly dependent upon the amplitude and frequency of the forcing function. The
example from Anderson and Anderson (2018) mentioned by the reviewer uses a sine forcing function with an
amplitude change of nearly four times larger than our random climate experiment (AT = 3° versus AT = 0.8°)
and a period of five times larger (1000 years versus 100 years at each ELA, which is roughly equivalent to a 200
year period). As explained above in (i), for much longer forcing periods of several centuries/millenia (as in A and
A 2018) we also would get retreat (see for example after 1200 years and 4800 years in Fig 9c), even more so for
much higher forcing amplitudes. Further, in our case we focus on debris covered glaciers that are very extensively
debris covered (up to the ELA), unlike in the example shown by the reviewer. We added some clarification in the
abstract and discussion (sections 4.2 and 4.6) on the dependency of the forcing time scale (tendency of advance
on century timescales, but retreat reset on millenia time scales), for specific text see below and tracked changes
in the modified manuscript.

(iii) We note that the change in debris input is not all that large and that the time it would take to signifi-
cantly influence the glacier is much larger than the timescale of the forcing. For example, in the case of random
climate experiment for ¢ = 0.25%, the volume ranges between +16% and —10% of the mean ELA volume and the
mean velocity of roughly 10 m/yr means a total glacier transit time of roughly 1000 yr. While there may be a
small anomalous effect resulting from the variable debris input, it would likely be negligible given that timescale
of the forcing is 100 yr. We already note this in the discussion in the first paragraph of model limitations (4.6).

(iv) We further would like to stress again that the asymmetry in retreat and advance response and the ten-
dency to stagnate and advance in length under a fluctuating climate seems consistent with the observed extensive
and stagnated debris covered tongues in today’s warming climate (which we already mention in the text).

(v) Importantly, we have performed a similar experiment using a more sophisticated numerical model that resolves
the englacial debris transport and in which we can enforce constant total debris input under a changing climate
forcing. While this new model is part of another study and hence outside the scope of the current manuscript, it
shows similar results under the same random noise forcing. The following figure below shows in panel (a) the same
random climate forcing as Fig. 6 and 9 from our manuscript (note we used the same magnitude of ELA variations
on the same timescale but due to the differences in the model setup the mean ELA is slightly different). The
time series of the volume, in panel (b), and the length, in panel (c), are plotted as solid lines, whereas the dashed
lines are representing the corresponding mean ELA values of volume and length. In agreement with our results
from the simpler model in our manuscript, we see that (i) the volume response lags the climate forcing slightly
but that the fluctuations stay close to the expected (i.e. mean ELA) volume; and (ii) the length has again the
tendency of stagnation or advance and gradually increases throughout the time series so that at ¢ = 5000 yr, the
glacier extent is roughly 1 km greater than the mean ELA length. Therefore even for a constant debris input, our
conclusion of tendency of advance or length stagnation for a fluctutating climate on century time scale is confirmed.

We address the reviewers concerns and points made above by adding in the text a few more explanations for
better demonstrating the robustness of our conclusions of tendency of advance/length stagnation for a fluctuating
climate (despite our limitation of total debris input):

In the abstract we clarified: “fluctuating climate at century time scales”

In section 4.2: “The glacier termini seem to struggle to retreat in warmer periods even if they are sustained
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Figure 1: Additional modelling experiment with a model that includes the tracking of englacial debris transport
and ensures the same total debris input in the case of a variable climate. It shows well that even for constant
debris input the tendency for advance or stagnation in glacier length (panel ¢) on century scale climate fluctuations
(panel a; same forcing as in paper) persists, whereas for the volume (panel b) this effect is strongly diminished.

over a century, and hence debris covered glaciers have the tendency to either advance or stagnate in a century-scale
fluctuating climate (Fig. 6)”. ... and further down ... “This is indicated in the random climate experiments by
the ability of the terminus to retreat in response to several successive warm periods (several centuries).”

In section 4.6: ”"Hence, our modelled tendency of advance or stagnation in a fluctuating climate is essentially
a result of the asymmetric length response. For warm periods at time scales longer than the terminus retreat
delay (e.g. several centuries) the random climate forcing experiments demonstrate the ability of the terminus to
retreat substantially and to reset this memory to cold periods.”

We further clarify earlier in the Methods (section 2.1.2) that our model is focussed/appropriate for the case

of heavily debris-covered glaciers (with deposition down to the ELA or debris up to ELA, e.g. heavily debris-
covered glaciers in Himalaya):

“Further, the assumption of uniform debris concentration within the ice means that debris will be present over

the entire ablation area and hence our model representative of extensively debris covered glaciers with debris
deposition close to the ELA or beyond (e.g. Himalaya).”

3 Line-by-line comments

Line 56 “has also studied the relationship between debris-covered glaciers and rock glaciers.”

Please add ‘transient’ between ‘the’ and ‘relationship’ otherwise the way this is written makes it seem like the



model is only being used in a steady state sense from the text immediately before.
Added.
Line 109: “@strem curve data representative of a medium-sized Alpine glacier.”

Consider revising this justificatoin as it is unclear what the size of a glacier has to do with the shape of @strem?s
curve.

We changed the text to “The parameter Dg is chosen based on an (Jstrem curve that is representative for data
from Zmuttgletscher, a medium-sized Alpine glacier.”

Line 126: “In addition, we accounted for the fact that the terminal ice velocity in SIA goes to zero, which is
not physically realistic, by taking an averaged velocity over several ice thicknesses near the terminus when com-
puting the debris transport.”

How does the ice not go to zero velocity at the toe on a real glacier? If ice thickness is 0 velocity must be
zero. How physically does ice flow remove debris from a glacier? This is not the correct process for the removal
of debris at the toe, which can only leave by ice cliff retreat or by geomorphic trundling down the glacier slope.

We changed the text to “In addition, we accounted for the fact that the ice velocity in SIA goes to zero at a
faster rate near the terminus than is physically realistic by taking an averaged velocity over several ice thicknesses
near the terminus when computing the debris transport.”

Line 130-132. “We note that although the terminal boundary condition used here is similar to the one im-
plemented in Anderson and Anderson (2016), since in both cases the glacier ends with a small debris-free terminal
ice cliff, our choice of boundary condition has the subtle but important feature of being independent of grid size.”

I see in the appendix that the terminus formulation presented in this manuscript is in fact grid size depen-
dent.

It seems we were not clear enough in the text with regard grid size dependency. Our formulation of the boundary
condition is strictly speaking grid size independent, but only slightly for the small grid sizes used in the manuscript.
Although the resulting glacier extent does vary with grid size, it converges to a fixed length for decreasing grid
sizes as indicated further below in the response. We adjusted to text accordingly in the text (Methods, end of
section 2.1.4. and in Appendix A) and also added this convergence (in Table Al in Appendix A and in figure S6
in the supplementary material).

In section 2.1.4 we changed the text to: “We note that our boundary condition is similar to the one imple-
mented in Anderson and Anderson (2016), but our approach differs in that we remove debris beyond a critical
thickness (position of ice cliff), whereas in Anderson and Anderson (2016) it is removed from a terminal wedge.
Although our ice cliff position is by construction not really grid size dependent, the modelled terminus position
shows some dependency on grid size. However, sensitivity tests demonstrate that there is fast convergence with
decreasing grid size and the dependency for the 25 m grid size resolution used here essentially vanishes (see Ap-
pendix A, Table Al and supplementary figure A2).”)

Line 132-133: “Further details of the boundary condition, including the interpolation scheme between grid points
and convergence tests for different grid sizes, is found in Appendix A.” I did not find a reproducible explanation
of the interpolation scheme and how it differs from A & A, 2016 nor the convergence tests for different grid sizes
in Appendix A. Please update accordingly.



Thank you, this material has been added in Appendix A. Please see below for further details.
Figure 1. Nice addition!

Thank you.

Line 174. Helpful explanation of what is to come.

Thank you.

Line 354. “We showed that the memory of a debris-covered glacier is selective, exhibiting an effective hystere-
sis, with periods of relatively cold climate having a sustained effect on the volume and in particular on the length.”

While this is a clear result from the modeling and model set up (Fig 6), I am concerned about the effect of
an assumed constant englacial debris concentration through time on this conclusion.

Perhaps one way around this issue is to state that the effect you see with glacier size enhancement at cooler
temps and glacier shrinking at warmer temps is consistent with the englacial debris concentration changing in
time but that it appears to be independent. T am not sure what simulations can be done with this model to show
that this hysteresis is in fact not model assumption dependent.

We have addressed this concern in the response to the general comments above. In addition, in the Model
limitations we are quite clear about the shortcomings of the model with regard to variable debris input, but we
added a few things in the text to make it even clearer (see in main response for details). And again the additional
model experiment with a more sophisticated model (not included in the manuscript since it is out of scope) that
ensures constant debris input really does confirm our conclusion from the simpler model.

Line 357. “Previous numerical simulations of the transient response of debris-covered glaciers focused only on
the effects of sudden debris input in the form of an avalanche (Vacco et al., 2010; Menounos et al., 2013). Such
a one-time debris input leads to an advance in glacier extent and foreshadows the results of our study, where a
constant debris source and changing climate forcing gives rise to a more complex response.”

This is statement is not accurate and omits a number of other studies of the transient modeling of DCGs in
response to climate change.

Other studies have modeled the transient response of DCGs to climate change with a steady input of debris.
Not only a one time avalanche of debris. Please the Rowan et al. (2015) model of Khumbu glacier responding
to a warming climate. See Anderson et al., 2018 (Glaciation of alpine valleys: The glacier-debris-covered glaciers
continuum) and Crump et al., 2017 for examples of modeled glaciers that contradict this above statement.

Studies that show transient response of debris-covered glaciers to climate change:

Rowan et al. (2015). The whole paper focuses on transient responses to climate change with a steady debris
deposition rate.

Anderson et al., 2018: See figures 18 and 19 (for a single climate cycle) , and figure 20 for the transient change in
a debris-covered glacier over 7 climate cycles.

Crump et al., 2017: See Figures 6 and 7 show a debris covered glacier responding to step changes in ELA
over a 4000 year period.



The statements in the text here need to be adjusted to reflect the contributions of these previous efforts.

We did not mean to imply that these were the only studies that involved transient response of debris-covered
glaciers. All of these papers are already cited in the introduction. Rather, we wished to highlight these two
studies as they relate to the topic of debris-covered memory. To clarify this, we have added the word “some” at
the beginning of the sentence. We have also added the citation of Crump et al. (2017) at the end of the section,
as it is relevant here.

Line 363. “This also means that for debris covered glaciers, no unique glacier length exists for a given cli-
mate, but rather that the length of debris covered glaciers is determined by the history of repeated cold phases.
Furthermore, debris-covered glaciers under random climate forcing are expected to have a longer average length
than the steady state length corresponding to the equivalent constant climate forcing.”

See comments above.

As noted in the response to the reviewer’s major comments and the comments to Line 354, we have already
addressed this issue above in the response to the main comments. We note however here again that we clarified
in the text that the tendency of advance/or stangation in length refers to century climate fluctuations and that
for much longer time scales, retreat to warming occurs in our modelling as well.

Line 439. Maybe should be up to 12% here based on Anderson et al., (2021).
“Kennicott Glacier exhibits the highest fractional area of ice cliffs (11.7 %) documented to date.”
Thank you, this has been corrected.

Line 476. “Equation (14) is similar to an equation derived by Anderson and Anderson (2018) but with the
important difference that we have allowed variable velocity in this derivation, rather than assuming a constant
velocity along the entire glacier.”

Which equation are you referring to here from A & A (2018)?

There are two models presented and discussed in A & A (2018). And variable velocities are explicitly discussed
and modeled in that paper. So I am confused as to what you are referring to. Please clarify in the text as it
creates a false sense that spatially variable velocities were not considered in A & A (2018).

We are referring to Equation (27) of Anderson and Anderson (2018). The entire analytical derivation depends on
the assumtion of constant velocity, e.g. “For the analytical model, we assume a uniform Uj field in the debris-
covered portion of the glacier so the right-hand term in Eq. (9) is neglected.” While variable velocities are con-
sidered in the numerical studies performed, the analytical argument we are referred to does not do so. This is in
contrast to our argument, which holds true for variable velocity. Just so there is no confusion here, we have added
the equation number from Anderson and Anderson (2018) in the text.

Appendix A

See notes in the main comments above.

Line 575. “A similar boundary condition was used in Anderson and Anderson (2016), where a debris- free
region was also employed at the terminus. In their approach, the size of the terminal ice cliff depends directly on

the grid spacing but the debris flux can be varied. In contrast, our terminal ice cliff is roughly independent of grid
size, since it depends on the critical ice thickness H* , but the debris flux is fixed by the local ice velocity.”



This is not correct and should be adjusted. The ice cliff height in A & A 2016 does not vary depending on
grid size and the ice cliff height is fixed. There is no debris-free region on the modeled glacier. The grid size
dependence is explained in A & A (2016):

“In our model, the debris thickness h debris (x, t) represents a layer of equal thickness on any cell. Debris
thickens more slowly with a larger dx because the debris volume advected into a cell is spread over a larger area
(due to the larger dx; dy=1; dy (in m)). There is therefore a timescale built into the thickening of debris in a cell
that is dependent on dx. Because ablation rates are sensitive to debris-cover thickness, changing dx has an effect
on glacier evolution.”

This effect is the same in this model as well. As dx is decreased the effect of dx on glacier evolution is re-
duced. It seems that the model of A &A (2016) and the model presented here have the same issue, namely that
there is grid size dependence in the length that converges as dx is reduced. Please update the text to accurately
represent the similar issues for the models as right now the text states that the model presented here is grid size
independent when it is not actually.

We have rewritten Appendix A to address the reviewer’s comments both here and in the Major comments section.
In particular, we have clarified the differences between our boundary condition and the boundary condition used
in Anderson and Anderson (2016) and we have also included convergence tests. We note that the reviewer is not
correct when he states that “the ice cliff height in A & A 2016 does not vary depending on grid size and the ice
cliff height is fixed”. The ice cliff geometry, which consists of the entire terminal wedge used in Anderson and
Anderson (2016), depends on the grid size due to two reasons: 1) the terminal wedge height depends on the glacier
thickness at this point, with a larger grid spacing necessarily meaning a larger wedge height; 2) the terminal wedge
length also depends directly on grid size, since it is equal to the grid size plus whatever length remains to complete
the terminal wedge (see Fig. Al in Anderson and Anderson (2016)).

This formulation for the terminal wedge is potentially problematic because it is here that the boundary con-
dition is applied. If the size of this region changes with the discretization, then this is likely to cause convergence
issues. For example, the boundary will get smaller and closer to the terminus as the grid size is reduced, requiring
that an increased amount of debris is squeezed off the glacier at a faster rate from a smaller region per unit time.
It is unclear whether such a formulation would converge to a stable steady state. This issue can be avoided by
designing a boundary condition that represents the same physics and geometry in a grid size invariant way, which
is the case for the boundary condition used in this manuscript.

We agree with the reviewer that the method employed in our manuscript exhibits a grid size dependence and
it is important to be transparent about this. In particular, the steady state length varies with the choice of grid
size. We have shown that despite this, the effect is not large and the glacier length converges as the grid size is
reduced. The grid size used in the present study, dx = 25 m, at the debris concentration of ¢ = 0.025% compares
favourably with the smallest grid size used in the convergence testing, with an error in absolute length of roughly
200 m or about 5% of the total length. As the reviewer points out, this grid size dependency may be an inherent
feature of numerical debris-covered glacier models. We agree with this point.

However, the reviewer’s claim that the model of Anderson and Anderson (2016) has a similar convergence be-
haviour has not been substantiated. No convergence testing was performed in the original paper, as instead of
studying the behaviour of the model for successively smaller values of dx to see if it tends to a limiting value, the
authors reported on one test with a larger value of dx. As such, we feel that the boundary condition used in our
study represents an important step forward.

Here is the rewritten text from Appendix A:
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The value of x* is found using a sub-grid linear interpolation on the grid points x; and the corresponding ice
thicknesses at these grid points, H; = H(x;). Hence z* is bounded by the grid points x; and z;1 such that
H(xz;) > H* and H(x;4+1) < H*, as shown in Fig A2. All the surface debris transported past the ice cliff location
x* slides down the cliff and out of the system and is therefore removed from the surface by setting the debris
thickness to zero for all grid points past z*. The surface mass balance calculation at x; 1 accounts for the sub-grid
location of the ice cliff by using a weighted average of debris-covered and bare ice melt rates, with the weighting
dependent on location of z*, and is given by:

* *
T — I ~Lit1 — T
+a

Ax Ax

ai+1 = a (Al)
where a is the debris-covered surface mass balance, a is the debris-free surface mass balance, and Ax is the grid
spacing.

Although the overall method is grid size dependent, it is convergent, i.e. the steady state glacier extent con-
verges to a fixed value as the grid size is reduced. The results of convergence tests for the case of ¢ = 0.025%
for both warm, corresponding to ELA = 3100 m, and cold, corresponding to ELA = 3000 m, are shown in Table
Al. The extents for the smallest grid size Az = 6.25 m are used for the relative error calculations. We note that
the relative error in steady state glacier extent for the grid size used throughout the present study is roughly 5%,
which is on the order of about 200 m. A plot of steady state glacier profiles corresponding to the tests shown in
Table Al can be found in the supplementary material.

A similar boundary condition was used in Anderson and Anderson (2016), where an ice cliff is also employed

Table 1: Convergence test results for steady state glacier extent corresponding to ¢ = 0.025%.

Az | Extent (warm) Rel. error | Extent (cold) Rel. error

(m) (km) (km)

100 5.86 0.281 9.66 0.241
50 6.97 0.145 11.17 0.122
25 7.71 0.055 12.13 0.046

12.5 7.99 0.021 12.48 0.019

6.25 8.16 — 12.72 —

at the terminus and similar physics governs debris leaving the system, due to either tumbling down the terminal
cliff or else by cliff backwasting. One difference in their approach compared with ours is that debris covers the
glacier right up until the terminus and leaves the system at the ice cliff at a prescribed rate, which for most
simulations is set equal to the melt rate times the debris thickness. A second difference is the fact that the size of
the terminal ice cliff — and hence the size of the region over which the terminal debris flux condition is applied —
depends directly on the grid spacing, resulting in a smaller ice cliff as the grid size is reduced. The implications
of this for model convergence are not clear.

In contrast, the geometry terminal ice cliff used in the present study is essentially independent of grid size,
since it depends on the critical ice thickness H*. As the grid size is reduced, the position of the ice cliff is more
accurately determined and therefore the terminus geometry converges to a steady value.

And here is the additional figure, now part of the supplementary material, where panel (a) represents the steady

state profiles for ELA = 3100 m and (b) represents the steady state profiles for ELA = 3000 m, in both cases
with ¢ = 0.0025%:
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Abstract. Debris-covered glaciers are commonly found in alpine landscapes of high relief and play an increasingly important
role in a warming climate. As a result of the insulating effect of supraglacial debris, their response to changes in climate is
less direct and their dynamic behaviour more complex than for debris-free glaciers. Due to a lack of observations, here we
use numerical modelling to explore the dynamic interactions between debris cover and geometry evolution for an idealized
glacier over centennial timescales. The main goal of this study is to understand the effects of debris cover on the glacier’s
transient response. To do so, we use a numerical model that couples ice flow, debris transport and its insulating effect on
surface mass balance and thereby captures dynamic feedbacks that affect the volume and length evolution. In a second step
we incorporate the effects of cryokarst features such as ice cliffs and supraglacial ponds on the dynamical behaviour. Our
modelling indicates that thick debris cover delays both the volume response and especially the length response to a warming
climate signal. Including debris dynamics therefore results in glaciers with extended debris-covered tongues and that tend to
advance or stagnate in length in response to a fluctuating climate at century time scales and hence remember the cold periods
more than the warm. However, when including even a relatively small amount of melt enhancing cryokarst features in the
model, the length is more responsive to periods of warming and results in substantial mass loss and thinning on debris covered

tongues, as is also observed.

1 Introduction

Debris-covered glaciers are commonly found in alpine landscapes of high relief, often when a primary source of mass input
to the glacier comes from avalanching. Steep headwalls and slopes deliver debris consisting of loose rocks onto the glacier
surface, mixed in with ice and snow. This debris becomes entrained in the ice and emerges on the surface further down-glacier

in the ablation zone after it is left behind as the ice melts.

A debris-covered glacier is commonly defined as any glacier with a continuous debris cover across its full width for some
portion of the glacier (Kirkbride, 2011). For a thin layer of debris, the resulting decrease in surface albedo leads to an elevated
melt rate of the underlying ice; however, when the debris cover exceeds a thickness of a few centimetres, it reduces the ab-
lation of the underlying ice (@strem, 1959; Nicholson and Benn, 2006). For highly debris-covered glaciers, this reduced melt

rate leads to glaciers with larger volumes and greater extents than would be expected for the corresponding debris-free case
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(Scherler et al., 2011).

Debris-covered glaciers exhibit a wide range of responses to changes in climate, some of which are counterintuitive (Scherler
et al., 2011). Many debris-covered glaciers globally are retreating, particularly in the Himalayas (Bolch et al., 2012), though
more slowly and with stagnant termini. Additionally, some debris-covered glaciers exhibit mass loss rates that are similar to
those observed for nearby debris-free glaciers (Kéib et al., 2012; Gardelle et al., 2013; Pellicciotti et al., 2015; Brun et al.,
2018) and that have been related to enhanced thinning rates on their debris covered glacier tongues. The formation of features
such as ice cliffs and supraglacial ponds, which we refer to collectively here as cryokarst features, has been suggested as a
potential explanation for this anomalous thinning and therefore the occurrence of such features and their enhancing effect on
surface melt have been intensively studied (Sakai et al., 2000, 2002; Steiner et al., 2015; Buri et al., 2016; Miles et al., 2016).
However, the influence of dynamic effects on the thinning rates and glacier evolution has so far largely been neglected and such
dynamic effects remain poorly understood. Further, from the reduction in ablation on debris covered glaciers a more delayed
and dampened response is expected (Benn et al., 2012). Ideally one would use observational data across a greater temporal and
geographical spectrum so that process feedbacks can be observed and examined over relevant time scales. However, the lack of
long-term remote sensing data means that we have severe constraints on the availability of such long observational time series
and the recent reconstruction of Zmuttgletscher (Molg et al., 2019) provides the only observable record of a debris covered

glacier that goes beyond a century.

Given the paucity of longterm data it is therefore essential to use advanced numerical models in order to investigate the
role of glacier dynamics on glacier evolution and mass loss, allowing for the study of interacting processes over longer time-
frames. Recent progress with numerical simulations of debris-covered glaciers include: Konrad and Humphrey (2000), where
an early steady-state model of debris-covered glaciers was developed; Vacco et al. (2010) and Menounos et al. (2013), both
of which studied the effect of a rock avalanche on glacier evolution using a coupled debris transport and ice dynamics model;
Banerjee and Shankar (2013), which suggested that the transient response of a debris-covered glacier to changes in climate
has two distinct timescales; Rowan et al. (2015), which was the first modern model of coupled debris-ice dynamics to study
the longterm evolution of a debris-covered glacier; and Wirbel et al. (2018), which tested both 2-D and 3-D advective debris
transport using a full-Stokes solver for the ice dynamics. Perhaps the most significant modelling study to date is Anderson
and Anderson (2016), where certain technical issues are addressed in detail for the first time, such as how to handle both the
boundary condition at the glacier terminus and the possibility of a variable debris source in the accumulation area. The body of
work that uses essentially the same model has examined diverse topics relating to the feedbacks that exist between debris flux,
debris thickness patterns, and steady-state glacier extent; has also studied the transient relationship between debris-covered
glaciers and rock glaciers; and has been used to explore the processes that govern the age of ice-cored moraines (Anderson and
Anderson, 2016; Crump et al., 2017; Anderson and Anderson, 2018; Anderson et al., 2018).

However, to date no study has used a coupled ice flow-debris transport model to systematically and in detail study the transient
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response and characteristic response times of a debris-covered glacier. A better understanding of how a debris-covered glacier
responds to changes in climate, and what role the debris concentration and the prevalence of cryokarst features play in deter-
mining the magnitude of this response, is critical to predicting how today’s debris-covered glaciers will evolve as the Earth’s
climate changes. Therefore, this study aims to fill the gap by investigating the difference in transient response of debris-covered
glaciers from their debris-free counterparts. In particular, we: (1) examine how debris cover changes the transient response of
an idealized glacier to step changes in climate, quantifying both the volume and length response; (2) examine the response to
a fluctuating climate signal on the long-term evolution of am idealized debris-covered glacier as a function of debris concen-
tration; and (3) examine the impact on mass loss and surface evolution when cryokarst features are included, quantifying this

impact as a function of cryokarst area.

2 Methods
2.1 Governing equations

In order to examine the essential features of the interaction between glacier dynamics and debris cover, we couple an ice flow
model to a debris transport model that includes both the debris melt-out and its insulating effect on ice ablation. In this model,
the debris evolution affects the geometry and ice flow through changes in the surface mass balance. Our model is similar to
that used in Anderson and Anderson (2016) with the main differences being some simplifications in the description of the ice
flow, no explicit englacial debris tracking within the ice, and the novel option of melt enhancement due to cryokarst features.

This cryokarst component is coupled to the flow dynamics and switches on when the tongue becomes stagnant.
2.1.1 Ice dynamics

For ice flow, we use a flowline version of the Shallow Ice Approximation (SIA), a simple model that allows for a realistic
qualitative study of a glacier’s response to changing climatic condition. The SIA has been used for studying glacier evolution
and response times for debris-free glaciers (e.g., Leysinger Vieli and Gudmundsson, 2004), where it achieved comparable
results to a full-Stokes solver with significantly less computational time. For a glacier with evolving ice thickness H (x,t)
flowing along the down-glacier direction x with depth averaged velocity @(z,t) in response to a surface mass balance forcing

a(z,t), the equations for the thickness evolution and SIA ice flow are given by:

OH O(uH)

ot T @ M)
— 2A(pg)n n+1 oh nt Oh

= T el e @)

where p is the density of ice, g is gravitational acceleration, A and n are the rate factor and exponent from Glen’s flow law,

respectively, and h(xz,t) = H + b is the glacier surface elevation for a given bed elevation b(x). The boundary conditions for
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the ice thickness H are handled by specifying a Dirichlet or Neumann boundary condition at z = 0 and requiring that H goes

to zero at the glacier terminus, where the ice front position is a free boundary.
2.1.2 Debris dynamics

We assume that debris is homogeneously distributed within the ice with a spatially constant concentration c. The debris melts

out when the ice melts at the surface and remains on the surface, where it is passively advected with the surface ice flow

velocity us = Zﬁ @, until it reaches the terminus. The evolution of surface debris thickness D(x,t) is represented by:
oD  O(usD

ot ox
where ¢ is the debris source term at the surface given by

0, ifa>0

¢(a,H) = “)

—ca, ifa<0
Note that for simplicity, we do not account for debris volume changes during melt due to density differences and debris porosity,

hence our formulation is different by a constant factor compared to Naito et al. (2000) and Anderson and Anderson (2016).

Further, the assumption of uniform debris concentration within the ice means that debris will be present over the entire ablation
area and hence our model is representative of extensively debris covered glaciers with debris deposition close to the ELA or

beyond (e.g. Himalaya).
2.1.3 Surface mass balance

We assume that debris-free ice has an elevation dependent surface mass balance @ given by
a(z) = min{y(H 4+ b—ELA),amaz }, (5)

where ~y is the mass balance gradient, ELA is the equilibrium line altitude, and a,,,, iS @ maximum mass balance, which limits
the accumulation to physically realistic values at very high elevations. A surface layer of debris enhances ice ablation when
its thickness D is below a threshold Djy. We neglect the effect of enhanced ablation when D < Dy and represent the inverse
relationship of surface mass balance with debris thickness (Anderson and Anderson, 2016) as

D()
Do+ D’

(6)

a=a

The parameter Dy is chosen based on an @strem curve datarepresentative-of-that is representative for data from Zmutteletscher.
a medium-sized Alpine glacier (e.g. Nicholson and Benn, 2006; Moélg et al., 2019).

2.1.4 Debris boundary condition at glacier front

The choice of boundary condition at the terminus is of critical importance, since the rate at which the supraglacial debris cov-

ering the ablation zone leaves the glacier significantly affects the glacier extent (Anderson and Anderson, 2016) and if this is



handled incorrectly, it can lead to runaway glacier growth (Konrad and Humphrey, 2000). To ensure that the boundary condi-
tion makes sense, it should be consistent with observations and also grid size independent, since the laws of physics should not
depend on the choice of discretization.
120
With these requirements in mind, we set the boundary condition such that the debris leaves the system via a terminal ice cliff, as
typically observed at termini of debris covered glaciers (Ogilvie; 1904;-see Fig-At-in-the-appendix)(Ogilvie, 1904, see Fig. Al in the apper
. This can be achieved most easily through an adjustment of the surface mass balance, which we adjust at the point where the
ice reaches a critical thickness H™* —(Fig. A2). All debris melted out or transported past this point is assumed to slide off of the
125 glacier relatively quickly and therefore-does-not-play-a-role-in-the-surface-mass-balanceis therefore removed from the surface
there. This implies that the glacier will always have a small debris-free cliff area at the terminus with clean ice melt. Therefore

near the terminus, the surface mass balance a is given by

for x < x*

) )

~ Dg
A5
Do+D?

a = 0+

a, forz > x*

where as above, @ is the debris-free surface mass balance, and =* is the location at which the ice thickness H = H* -a-medetl
130 parameter(for more details of the implementation of the toe parametrization see Appendix A). In addition, we accounted for
the fact that the terminal ice velocity in SIA goes to zero -which-is-not-physically-realisties-at a faster rate near the terminus
than is physically realistic by taking an averaged velocity over several ice thicknesses near the terminus when computing the

debris transport.

135 We note that %ﬁt}g%e%eﬁmnﬁ%%ﬂdaﬁ%eﬂéﬁmtﬁeéhefwwmls similar to the one 1mplemented in
Anderson and Anderson (2016), si i

but our approach differs in_that we
remove debris beyond a critical thickness (position of ice cliff), whereas in Anderson and Anderson (2016) it is removed from a
terminal wedge. Although our ice cliff position is by construction not really grid size dependent, the modelled terminus position
140 shows some dependency on grid size. F i itionsinchudi i i

However, sensitivity tests demonstrate that
there is fast convergence with decreasing grid size and the dependency for the 25 m grid size resolution used here essentiall
vanishes (see Appendix A, Table Al and supplementary figure A2).

2.1.5 Terminus cryokarst features

145 For some experiments, we attempt to include the effects of melt enhancement from cryokarst features. Observations indicate
that ice cliffs and supraglacial ponds commonly occur near the termini of stagnating debris-covered glaciers (Pellicciotti et al.,

2015; Brun et al., 2016; Kraaijenbrink et al., 2016; Watson et al., 2017) and are associated with regions that have low driving
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stresses (Benn et al., 2012). The driving stress 74, representing the weight of the ice column, is given by

— pgHZZ. 8
Ta = pgH o~ (®)

Using such a dynamic coupling as a first approximation, we couple the initiation of cryokarst features to driving stresses below
a threshold value. Specifically, we define two driving stress thresholds, a maximum T;' and a minimum 7, and we introduce
a local cryokarst area fraction A which represents the debris-free area associated with ice cliffs and supraglacial ponds. For a
driving stress above Tj, the local cryokarst area fraction A is set to zero, which corresponds to no ice cliffs and no supraglacial
lakes. For a driving stress below 7, the local cryokarst area fraction equals a maximum value \,,. For driving stress values in

between the thresholds, we assume the local cryokarst contribution is linear in A, given by

0, if77 <7y
A= )\m(T(;r—Td)/(T(;r—T(;), ifT(;<Td<T[;r~ €))
Ams ifrg <7,

This dependence of cryokarts area fraction on driving stress is illustrated in Fig. 1 for 7, = 60 kPa, 7';' =110kPa, and \,,, =0.1.

For the fraction of area where cryokarst is present, we assume that there is no longer an insulating effect on the surface
mass balance. Adjusting the local surface mass balance a to account for this gives

Dyq
Do+ D’

a=Xi+(1-\a (10)

The threshold values Tj and 7, are based on the values of the driving stress during advance and retreat in the cryokarst—free
case and are chosen such that 74 only drops below the upper threshold 7';_ once the glacier begins to stagnate during retreat,
with realistic values taken to be T;_ between 100 and 125 kPa and 7; between 50 and 75 kPa. For more details, see Appendix
B.

2.1.6 Model setup numerical implementation

The coupled dynamic system described above is solved using standard finite differences and discretizations for the ice flow,
similar to that first described by Mahaffy (1976), coupled with centred differences for the debris transport. Care is taken to
ensure that each time step fulfills the Courant-Friedrichs-Levy (CFL) condition, which is necessary to ensure that the numerical
domain of dependence contains the mathematical domain of dependence. Importantly, the boundary condition at the glacier
terminus requires interpolation to determine the exact location of the critical ice thickness ' * and to weight the surface mass
balance forcing accordingly in the corresponding grid cell. Additionally, to avoid unwanted effects due to the steep gradient of
the ice surface in SIA near the terminus which results in an unphysical drop in velocity, the velocity field in the vicinity of the
terminus is adjusted by taking the mean velocity from the region upglacier averaged over ten ice thicknesses (here about 300

m), calculated using second order backward differencing.
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Figure 1. Cryokarst area fraction X for a range of driving stress values 74 for the case of 7, = 60 kPa, Td+ =110 kPa, and A\, =0.1.

In the results that follow, all computations are performed using a bed consisting of a headwall with a slope of 45° followed by

a linear bed with slope of roughly 6°. All model constants are shown below in Table 2.

3 Modelling results

Our goal is to better understand how the transient response of a debris-covered glacier is different than that of a debris-free
glacier and what effect cryokarst features have on this transient response. To do this, we perform a series of numerical exper-
iments consisting of applying step changes or random climate histories in the climate forcing for glaciers with variable debris

concentration and hence various levels of surface debris and analyze the resulting volume and length response.

First we examine the steady state case for two climates and four different debris concentrations in Section 3.1. Then in Section
3.2, we examine the transient behaviour of glaciers that move from one steady state to another after a step change in climate
for the case of debris concentration ¢ = 0.25%. Next, we simulate a random climate forcing for a duration of 5000 years for
glaciers with different debris concentrations and examine the resulting transient volume and length response, found in Section
3.3. We next examine the effect of introducing cryokarst features near the terminus on the transient response to a step change
in climate in Section 3.4. Finally, we have a second look at the transient response to random climate forcing when cryokarst is
present in Section 3.5. An overview of these experiments is found in Table 1, with reference to the relevant figures in the text.

Table 2 summarizes the parameter values used in the numerical model.
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Table 1. Summary of modelling experiments performed.

No. Description Section  Figures
0 Baseline: steady-states at ELA = 3000, 3100 m 3.1 2
1 Transient response due to step change between steady-states 3.2 34,5
2 Random climate forcing 33 6
3 Transient response with cryokarst 34 7,8
4 Random climate forcing with cryokarst 35 9

Table 2. Values used for the model parameters.

Parameter Name Value Units
ELA Equilibrium line altitude 3000-3100 m

p Density of ice 910 kgm™3
g Gravitational acceleration 9.80 ms™2
c Debris volume concentration 0-0.005

A Flow law parameter 1x107% Pa—3s71
n Glen’s constant 3

Do Characteristic debris thickness 0.05 m
Amaz Maximum surface mass balance 2 myr !
ol Surface mass balance gradient 0.007 yr!
H* Terminal ice thickness threshold 30 m

Am Maximum cryokarst fraction 0-0.2

dt Time step 0.01 yr

dx Spatial discretization 25 m

Tj Upper cryokarst driving stress threshold ~ 100-125 kPa

T, Lower cryokarst driving stress threshold 5075 kPa

0 Bed slope 0.1 mm~!
0. Headwall slope 1 mm~!

3.1 Steady state glacier extent

As a baseline for understanding the glacier’s response to a changing climate, we first examine steady state features for the two
climate extremes of our study, ELA = 3000 m and 3100 m. Although in reality, glaciers never attain a true steady state due to
a constantly changing climate, equilibrium conditions are useful for theoretical studies because they provide well-understood

rest states around which glacier fluctuations can be more easily studied. As for debris-free glaciers, a steady state is defined as
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the point at which, for a fixed climate, the glacier geometry no longer changes with time. Additionally, in our modelling there

is a further requirement that the debris flux entering the glacier also must leave the glacier surface at the terminus.

Figure 2 shows the steady state glacier surface and bed profiles, velocity profiles, and debris thickness profiles for the debris-
free case as well as for the debris concentrations of ¢ =0.1,0.25, and 0.5%. The glacier profiles in Fig. 2a and 2d show the
expected behaviour of higher debris concentration leading to longer, larger glaciers. A debris concentration of only 0.1% al-
most doubles the glacier length compared to the clean ice case. Note that the glacier geometry in the debris free part above
the ELA is almost identical for all cases and hence independent of debris concentration. The surface mass balance for the
debris-covered glaciers no longer decreases linearly with elevation but is instead controlled primarily by the debris thickness
and strongly reduced over most of the ablation area , as shown in Fig. 2b and 2e. Surface velocities generally decrease with

increasing debris thickness along the glacier, as seen in Fig. 2c and 2f.

An interesting observation here is that for a fixed climate, the debris thickness profile in steady state appears to be approx-

imately independent of concentration, while the glacier extents differ strongly. This is discussed further in Sec. 4.5.
3.2 Transient response between steady states

Next we analyze the response to a step change in the climate forcing. Figure 3 shows the transient volume and length changes
due to ELA step changes of £100 m. In Fig. 3b, glacier volume time series show the response time dependence on debris
concentration, with the expected result that higher debris concentration leads to longer volume response time. Here, filled-in
squares denote the e-folding volume response time (Johannesson et al., 1989; Oerlemans, 2001), which is the time it takes to
reach 1 — 1/e ~ 63% of the total volume change. The values of the numerical volume response time are shown in Table 3 in
the columns marked 77,,,,,. In general, the volume response times are strongly increased for debris-covered glaciers compared

to the debris-free case. A more detailed discussion of volume response time follows in Section 4.3.

In Fig. 3c, the length times series allow for a comparison with the length response time. For the case of glacier advance,
shown on the right side of the plot starting at 7' = 1000 years, the form of the length change is similar to that of the volume
change: a slow but steady increase leading asymptotically to a steady state. However, the retreat phase, shown for 7' =0 to
1000 yr, is contrasting this response behaviour. Here, we see a clear lag in length response, which gets stronger for larger debris
concentrations. The lag is so pronounced that when the glaciers have reached their respective e-folding volumes, denoted as

filled-in squares, they are still approximately at their pre-step change extent.

To show the difference in length versus volume response more clearly, we closely examine one debris-covered glacier, with
¢ =0.25% debris concentration, and contrast its response with the debris-free case. In Figure 4, the normalized volume and
length are plotted together for each glacier, where we have set the cold (ELA = 3000 m) steady state volume V =1 (length
L =1) and warm (ELA = 3100 m) steady state volume V' = 0 (warm length L = 0) for ease of comparison. For the debris-free
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Figure 2. Steady state glacier geometry profiles (a and c), and profiles of surface velocity (solid lines) and debris thickness (dashed lines) (b

and d), corresponding to ELA = 3000 m and 3100 m for four different debris concentrations.

case, shown in Fig. 4a, the volume and length curves follow each other closely but there is a small but noticeable time lag
between the volume response and the length response, which is more evident during retreat. The debris-covered response, in
Fig. 4b, shows a substantial lag time between the volume response and the length response. This lag in the length response is,
at roughly 250 years, much larger during the retreat but is also observable during the advance, where a 50 year lag is observed
at the onset of advance. An additional difference between the glaciers is found near the end of the retreat phase. The transient
debris-covered glacier volume overshoots the final steady state volume, observable starting just before 7' = 500 yr in Fig. 4b,
before recovering to its final volume. During this overshoot and recovery in volume, the transient glacier length monotonically
decreases and never goes below its final steady state length. In contrast, the transient debris-free glacier volume has no over-

shoots: it monotonically decreases during retreat.

10
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In Figure 5, we again compare the debris-free case with the ¢ =0.25% debris-covered case but this time we look at the
respective glacier thickness profiles during retreat. To facilitate comparison across spatial and temporal scales, we plot the
normalized glacier thickness profiles for equivalent relative transient evolution times during retreat for both glaciers. In Fig. 5a,
we see that immediately as the debris-free glacier thins, it also retreats in a roughly uniform way with thinning approximately
matched by reduction in glacier extent. This can be thought of as a manifestation of a volume-area scaling law V' = cA" (e.g.
Bahr et al., 1997), which essentially says that a debris-free glacier volume is linked to its area by a power law. Note that for our
flowline model, the equivalent scaling law is a relationship between area and length. The debris-covered glacier profile shown
in Fig. 5b does not follow the same pattern. As the glacier thins during the period of relative time At =0 to At = 0.6, there
is no discernible change in the glacier extent. Initially, most of the thinning occurs in the upper half of the ablation zone but
ceases there rapidly after At = 0.1 to 0.2 relative time. By At = 0.6, the entire region from relative length =0 to z = 0.6
is at or slightly below its final steady state ice thickness even though the original glacier extent has not changed yet. Only by
At = 0.8 do we finally see the glacier terminus start to retreat, with the last roughly 35% of the glacier appearing as a thin,
not very dynamic, and soon to be disconnected terminus (see Fig. S1 in the supplementary material for corresponding velocity
profiles). Although the velocity is nonzero, this type of terminus is often described as stagnating because dynamic replacement
of ice is close to zero. In the final 20% of the total retreat time, the stagnant terminus has completely disappeared and the central
region that had previously over-thinned has now recovered to its steady state thickness and has become the new terminus. We

revisit this interesting terminus behaviour in the section 4.1 below.

Table 3. Comparison of numerical e-folding volume response times (in years) due to step changes between steady states at ELA = 3000 m
and ELA = 3100 m for different debris concentrations. The columns marked 7., represent the numerical volume response time and the
other columns represent the theoretical estimate of J6hannesson et al. (1989) developed for clean ice using different methods of calculating

the surface mass balance at the terminus (see section 4.4 for details).

T» — retreat T» — advance
¢ | Thum T T, T3 Ts | Thum T > T3 Ty
0 77 52 - - - 133 108 - - -
0.1 154 29 456 54 222 265 48 694 87 340

0.25 256 22 646 42 207 396 34 955 66 321
0.5 385 17 800 34 179 529 25 1237 50 273

3.3 Response to random climate forcing

We have investigated debris-covered glacier response to step changes in the climate and it is natural to query whether these
results will have any bearing on a more realistic fluctuating climate input. To investigate this issue in a somewhat less idealized
setting, we initialize the model to a steady state corresponding to an ELA of 3050 m. Then we force the model using a varying

climate signal consisting of a 5000 year long time series made up of random fluctuations between ELA = 3000 m and ELA =

11
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Figure 3. Step change in ELA between steady states (a) leading to transient volume response (b) and transient length response (c) for glaciers

with different debris concentrations (coloured lines). The filled-in squares in both (b) and (c) represent the e-folding volume response time.

3100 m which corresponds in the Alps to a change in air temperature of about 0.8°C (Linsbauer et al., 2013). The fluctuations
occur at fixed intervals of 100 years, which is close to but a bit larger than the clean ice response time during retreat, and
they have a mean of ELA = 3050 m. This random climate forcing is shown in Fig. 6a and the respective transient volume and
length time series are shown in Fig. 6b and 6c¢ for a debris-free glacier and three debris-covered glaciers with different debris

concentrations.

The behaviour of the debris-free glacier (purple line at the bottom of Fig. 6b and 6¢) exhibits a relatively rapid volume and
length response, which can be seen by how quickly the solid curve, representing the transient, moves back towards the dashed
line, which represents the steady state value for the mean climate of ELA = 3050 m. For the debris-covered glaciers with lower

concentration (red and yellow lines in Fig. 6b), the volume responds only marginally more slowly. The difference is more
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Figure 4. Normalized transient volume and length response for a step change in ELA between two steady states for (a) a debris-free glacier

and (b) a debris-covered glacier with ¢ = 0.25%.

pronounced for the glacier with the greatest debris concentration (blue line) where the transient volume never goes below the
mean climate steady state volume beginning from 7" = 2800 yr. Note that the light blue shading corresponds to colder than

average time periods and white shading corresponds to warmer than average time periods.

The asymmetric response is much more pronounced in the transient length time series. While the glacier with the lowest
debris concentration (red line in Fig. 6¢), exhibits a marginally slower response compared to the debris-free case (solid purple
line), the glaciers more heavily laden with debris, shown in yellow and blue, have transients lengths that are almost throughout
more extended than the mean climate steady state length and tend to advance more than retreat. This is especially true for the
¢ = 0.5% case, which after 5000 yr is more than 1 km longer than one would expect for the mean value climate. Hence, due
to the lag in the length response to a warming climate, debris-covered glaciers preferentially show the effects of the colder
climate. Put another way, debris-covered glaciers remember periods of cold climate more than warm ones. This also suggests
that time-averaged length of a debris-covered glacier under random climate forcing will be longer than the steady state length

for the equivalent constant climate forcing.
3.4 Effect of cryokarst on response
Most of the debris-covered glaciers observed in the present day have varying amounts of ice cliffs and supraglacial ponds

present on their tongues which are known to enhance surface ablation (Benn et al., 2012). However, the long-term effect of
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Figure 5. Glacier thickness profiles relative to the maximal initial thickness for (a) a debris-free glacier and (b) a debris-covered glacier with
¢ =0.25% at different times during a transient retreat. The different coloured lines refer to the time relative to the time it takes to retreat to

steady state, where a time of ¢ = 0.1 corresponds in the debris-free case to about 38 years and in the debris-covered case to about 40 years.

such cryokarst features on thinning and glacier dynamics is poorly understood. With this in mind, we repeat the above experi-
ments for four debris-covered glaciers, all with a medium debris concentration ¢ = 0.25% by including the dynamic cryokarst
model introduced in Section 2.1.5 and perform runs for different maximum local cryokarst area fraction of \,,, =0,5,10, and
20% using driving stress thresholds 7, = 110 kPa and 7, = 60 kPa. Since we dynamically couple the onset and intensity of
melt enhancement from cryokarst to the driving stress using equations (9) and (10), the effect of cryokarst is only felt during
periods of mass loss and we focus exclusively on this in Figure 7. The purple lines in Fig. 7a and 7b correspond to the case

with no cryokarst features and therefore they show the same retreat as the yellow lines in Fig. 3b and 3c.

The addition of cryokarst has a noticeable effect on both the volume and length response of a debris-covered glacier. In
Fig. 7a, there is a clear reduction in e-folding volume response time of a couple of decades visible (see Table 4 for the exact

values), which is more pronounced with the presence of enhanced cryokarst. The effect on glacier length response is even more
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Figure 6. Random climate forcing (a) and the corresponding transient volume response (b) and transient length response (c) for glaciers of
different debris concentrations. The dashed lines represent (a) the mean value climate of ELA = 3050 m and the corresponding steady state
(b) volume and (c) length. The light blue background shading represents temporal periods during which the climate forcing is colder than

the mean climate.

striking, with a difference of more than a century between the timings of the onset of retreat. The actual amount of equivalent
bare ice for each glacier is shown as a percentage of the entire ablation zone area in Fig. 7c. Even for the smallest amount of
cryokarst modelled, which accounts for only 2% of equivalent bare ice in the ablation area, there is a shortening of roughly
70 yr in the timing of the main phase of retreat. Despite this evident effect the presence of cryokarst has on length response,
there is still a significant lag observed compared to the clean ice case, as in all modelled cases the glaciers are still at their
maximum pre-step change extents even by the respective e-folding volume response times. Note that the choice of driving

stress thresholds effects the strength of the cryokarst effect on the response (see Fig. S2 and S3 in the supplementary material).

To aid in the visualization of the effect of cryokarst on the transient glacier dynamics, we plot driving stress, cryokarst area
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fraction, and melt rate in Fig. 8 at five different time steps, spaced fifty years apart, corresponding to the case of \,,, = 10%.
As the driving stress drops below the upper threshold Tj, shown in Fig 8a, the cryokarst area fraction is observed to increase,
shown in Fig 8b. This leads to an increase in melt rate, depicted in Fig 8c. The maximum melt rates occur at ¢ = 250 and
300 yr, shown in yellow and purple, when the driving stress is at or below the lower threshold 7; and the corresponding
cryokarst area fraction A at the terminus achieves the maximum value A,,. This increased melt rate contributes to a rapid

retreat, corresponding to the green line for ¢ = 350.

Table 4. Comparison of numerical e-folding volume response times (in years) due to step changes between ELA = 3000 m and ELA = 3100

m for a debris concentration of ¢ = 0.25% and with the presence of several different values of maximum terminal cryokarst fraction A,.

Debris conc. ¢ Max. cryo. fraction \,,,  Vol. resp. time 7,

0.25 0 256
0.25 0.05 234
0.25 0.1 219
0.25 0.2 200

3.5 Response to random climate forcing with presence of cryokarst

Figure 9 shows the same random climate forcing experiment with ¢ = 0.25% as in Fig. 6 but cyrokarst with driving stress
thresholds of Tj =110 kPa and 7; = 60 kPa, and four different maximum local cryokarst area fractions A, = 0,5,10, and
20%. As before, the \,,, = 0 glacier, corresponding to the purple curves in Fig. 9, is identical to the results already plotted in
Fig. 6. in yellow. Since there is no dynamical effect during periods of advance, we do not see much difference in either the
volume or length change rate in colder climate regimes; see in particular between 3000 and 5000 yr model time. However,
during retreat the difference is visible especially during the warm climate dominated period of 7" = 1300 to 3000 yr. In Fig. 9b
and even more clearly in Fig. 9c, the transient volume and length of the cryokarst covered glaciers exhibit a shorter memory
and are therefore able to retreat much more quickly than the corresponding cryokarst-free glacier. Despite this faster response,
all of the modelled debris-covered glaciers still respond with much more delay than a debris-free glacier with the same climate
forcing, as shown in the black dotted line in Fig. 9b and 9c, which has been rescaled in the magnitude for both length and
volume for ease of comparison. As noted above, the timing in onset of retreat is rather sensitive to the choice of the upper and
lower driving stress thresholds. To compare with results using different threshold values, please refer to supplementary figures
S4 and SS.

4 Discussion

We explored the transient response of a debris-covered glacier to changes in climate forcing using a flowline model that couples

ice flow with debris melt out and advection and also includes an ad-hoc representation of the effects of dynamically coupled
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cases, the debris concentration is ¢ = 0.25% and the driving stress thresholds are T; =110 kPa and 7, = 60 kPa. The filled in squares in
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mass balance due to the presence of cryokarst is shown in (c).

cryokarst features at the glacier terminus. Several interesting results related to dynamics were obtained, which we discuss

separately in light of observational data, previous studies, and model limitations.
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Figure 8. Profiles of driving stress (a), cryokarst fraction (b), and melt rate (c) at five different time steps for the case of maximum cryokarst

area fraction \,,, = 10% . The dashed lines in (a) denote the driving stress thresholds used in the cryokarst parameterization.

4.1 Terminus behaviour during transient response

The results of our numerical experiments indicate that debris-covered glaciers have an asymmetric response to climate forc-
ing, with a visible lag in response during a retreat, and that the magnitude of the lag is reduced in the presence of terminal
cryokarst. To better understand this behaviour, we further examine the debris-covered terminus region during advance and re-
treat and consider the relative magnitudes of surface mass balance a and flux divergence Q) /Ox on the rate of thickness change
OH/0t. Anderson et al. (2021) used a similar approach to study thinning at the terminus but here we are primarily interested
in the retreat rate. Fig. 10 shows the components of the mass conservation equation (1) for the moving region consisting of
the last 200 m of debris-covered area for the cases of advance, retreat, and retreat with maximum local cryokarst area fraction
Am = 5% and driving stress thresholds Tj =110 kPa and 7; = 60 kPa. The initial condition for all three panels is steady state

for an ELA = 3050 m, with the advance and retreat due to ELA step changes of 50 m at 7" = 0.
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Figure 9. Random climate climate forcing (a) and the corresponding transient volume response (b) and transient length response (c) for
glaciers of different maximum cryokarst fraction A,,. The dashed lines represent (a) the mean value climate of ELA = 3050 m and the
corresponding steady state (b) volume and (c) length. The light blue background shading represents temporal periods during which the
climate forcing is colder than the mean climate. In all cases, the debris concentration is ¢ = 0.25% and the cryokarst driving stress thresholds
are T;_ =110 kPa and 7, = 60 kPa.

In each plot, the grey region represents the thickening or thinning rate, with the area under the curve representing the total
thickness change of the last 200 m during the entire 1000 yr of the advance or retreat. In all three cases, during the first 200
yr the surface mass balance a, plotted in blue, does not change appreciably from the pre-step change value of ¢ = —0.2 m
yr—1. This is because the debris at the terminus is thick enough to make the glacier here relatively insensitive to small changes
in climate forcing. For the advancing glacier, depicted in Fig. 10a, the change in surface mass balance is minimal and the

thickening rate is driven by an increase in the magnitude of the flux divergence (red line), that peaks at around 7" = 150 yr, the
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Figure 10. Thinning rate, flux divergence, and surface mass balance averaged over the final 200 m of the glacier terminus before the terminus
during advance (a), retreat (b), and retreat with cryokarst (c), for ¢ = 0.25%, A, = 0.05, T;' = 110 kPa, and 7, = 60 kPa. In all cases, the

initial condition is a steady state at ELA = 3050 m followed by a 50 m step change in ELA at time ¢t = 0.

time taken for the increased ice flux to propagate down the glacier to the terminus.

For the retreating glacier, shown in Fig. 10b, the thinning rate is clearly driven by a decrease in flux divergence, which even-
tually drops to zero at roughly 7" = 300 yr, at which point the glacier terminus stagnated. It remains so until roughly 7" = 500
yr, when the total amount of thinning is large enough that the stagnant terminus finally disappears. After this, there is a small

amount of thickening at the terminus as the glacier readjusts to the overshoot caused by the collapse of the stagnant terminus.

When a small amount of cryokarst features is added to the terminus during retreat, representing at most roughly 2% of the

total debris-covered area (Fig 10c), the glacier behaves identically to the cryokarst—free case up until roughly 7" = 190 yr.
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From then on the terminus dynamics become stagnant enough that the cryokarst features begin to develop and within several
decades cause an increase in the melt rate by a factor of more than two. This significantly speeds up the thinning on the tongue

and hence the retreat rate, with the bulk of the retreat completed about 100 yr earlier than in the cryokarst—free case.
4.2 Debris-covered glacier memory

We showed that the memory of a debris-covered glacier is selective, exhibiting an effective hysteresis, with periods of relatively
cold climate having a sustained effect on the volume and in particular on the length. Strictly speaking this is not a true hys-
teresis since if the glacier is allowed a lengthy relaxation period of several centuries, the resulting equilibrium is independent
of history. Previeus-Some previous numerical simulations of the transient response of debris-covered glaciers focused only on
the effects of sudden debris input in the form of an avalanche (Vacco et al., 2010; Menounos et al., 2013). Such a one-time
debris input leads to an advance in glacier extent and foreshadows the results of our study, where a constant debris source and

changing climate forcing gives rise to a more complex response.

The glacier termini seem to struggle to retreat in warmer periods even if they are sustained over a century, and hence de-
bris covered glaciers have the tendency to either advance or stagnate in a century-scale fluctuating climate (Fig. 6). This also
means that for debris covered glaciers, no unique glacier length exists for a given climate, but rather that the length of debris
covered glaciers is determined by the history of repeated cold phases. Furthermore, debris-covered glaciers under random cli-
mate forcing are expected to have a longer average length than the steady state length corresponding to the equivalent constant
climate forcing. These are novel modelling results which have important implications not only for the observed present day
extended extents of debris-covered glaciers but also on historical reconstructions. For example, inferences of past climate from
historical glacier extents that do not take into account the asymmetric memory of debris-covered glaciers risk misrepresenting

the climate as being colder than it actually was (Clark et al., 1994).

Observational data (Quincey et al., 2009; Scherler et al., 2011; Ragettli et al., 2016) show that many debris-covered glaciers
have strongly extended and stagnating tongues which is consistent with our modelling and our interpretation that debris-
covered glaciers remember rather the colder climates of the past and are therefore quite far out of balance with the present
climate. However, since the observational record is not long enough to provide data on meaningful timescales and is heavily

biased towards retreating glaciers, it is currently only possible to study this phenomenon fully using numerical experiments.

Note, that this asymmetric response to climate forcing is much more pronounced for the adjustment in glacier length than
in volume. In the random climate experiments, volume change and hence average thinning behaviour are surprisingly similar
for all debris concentrations and the clean ice case (Fig. 6), which agrees with the general observations of relatively high mass
loss despite the occurrence of substantial debris cover (Pellicciotti et al., 2015; Brun et al., 2018). Such rapid mass loss is
governed by two processes. Initially, the warming has a strong impact on the upper accumulation area where debris is still thin.

Then the lower tongue with thick debris cover stagnates and dynamic ice replacement diminishes (0Q)/0x goes to zero, Fig.
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10b) and hence the ice simply melts away. As this stagnant area is extensive the related total volume loss is therefore substantial.

The results presented used a random climate forcing with a particular ELA range and time interval between random step
changes. Different climate forcing signals are possible, as are many different shapes and sizes of glaciers with varying debris
thickness profiles. However, the general qualitative results are expected to be the same, though for example a longer time inter-
val between random steps (approaching the debris-covered response time) will reduce the debris-covered memory effect. This
is indicated in the random climate experiments by the ability of the terminus to retreat in response to several successive warm
periods (several centuries). An obvious extension of this work is to undertake a detailed sensitivity analysis, using a variety of
climate signals, glacier geometries, and debris thickness profiles, in order to better understand the conditions under which this

selective memory effect becomes significant.
4.3 Cryokarst effect in modulating response

Our results suggest that cryokarst features which dynamically develop during a retreat on the stagnating terminus substantially
speed up the length response and also noticeably reduce the volume response time. This is important for any long-term mod-
elling studies involving debris-covered glaciers, as neglecting the effects of cryokarst results in an overestimation of transient
response times during a warming phase. Furthermore, the resulting earlier and more enhanced mass loss rates agree better
with the current observations of rapid thinning (Pellicciotti et al., 2015; Brun et al., 2018; Molg et al., 2019) but the terminus
response is still strongly delayed and requires warm periods of substantial durations (several centuries) to cause substantial
retreat (Fig. 9). This suggests that todays thinning may still be related to the warming after the Little Ice Age, or alternatively,

it may be a consequence of our rather ad-hoc approach and threshold for the onset of cryokarst.

Numerous previous studies (Sakai et al., 2000, 2002; Benn et al., 2012; Buri et al., 2016; Kraaijenbrink et al., 2016; Wat-
son et al., 2017; Miles et al., 2016; Ragettli et al., 2016; Rounce et al., 2018) have investigated the role of ice cliffs and
supraglacial ponds on the enhancement of melt on debris-covered glaciers and indicate some link between stagnation in dy-
namics and the development of such cryokarst features. Our model is, however, the first attempt to couple the effects of these
features to glacier dynamics in a numerical model in order to explore the impact on glacier thinning. Although the ad-hoc
approach used here is admittedly simplistic, it does allow for the general effect of cryokarst to be incorporated dynamically
without requiring knowledge of the details of the physical processes, which are not yet completely worked out and would
greatly complicate the numerics since they are sub-grid scale. The parameters chosen resulted in behaviour consistent with
fractional area observations (Molg et al., 2019; Anderson et al., 2021; Steiner et al., 2019, give a local area fraction up to 10%)
and the approximate timing of the cryokarst evolution also matches the observation that stagnating glaciers tend to have more

cryokarst (Benn et al., 2012).

The main limitation to this component of the model is that the choice of driving stress thresholds for the onset of cryokarst

features is not well constrained by observations or directly linked to a sub-grid process based model. Hence it is clear that a
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better understanding of the link between glacier dynamics and the formation of cryokarst is needed and a more sophisticated
model that faithfully represents the large scale, long-term effect of ice cliff and supraglacial pond evolution on the local surface

mass balance would be useful for future studies.
4.4 Transient response time

The thinning and hence the volume response during retreat occurs in two distinct phases: a first relatively rapid response in the
debris-free zone directly caused by enhanced melting, followed by a slower response in the debris-covered zone punctuated
by the collapse of the stagnant terminus, and caused by the stagnation of the debris covered tongue. Although this has been
indicated conceptually by general observations, Banerjee and Shankar (2013) gave the first dynamical explanation for this
behaviour using a simplified representation of the effects of debris cover. Here we use a more physically realistic model which
includes debris evolution coupled to the ice flow and our results confirm their dynamical explanation. An important implication
of this result, also pointed out by Banerjee and Shankar (2013), is that a simple volume response time scale to characterize the
transient response of a glacier to climate forcing, developed for debris-free glaciers in Jéhannesson et al. (1989) and Harrison

et al. (2001), does not seem possible for debris-covered glaciers because of its more complicated retreat behaviour.

To illustrate this, we calculate for our step change experiments (Sec. 3.2) the theoretical volume response time of Jéhannesson
et al. (1989), which is given by

=0 (11
where H,, is the maximum ice thickness and a; is the surface mass balance at the glacier terminus. It is, however, not that
clear how to define the terminal surface mass balance, as the glacier has both a debris-covered and a debris-free zone (frontal
cliff) near the terminus. This is even more problematic when there is a zone of cryokarst at the terminus, so we neglect that
case here. We choose four different terminus locations to extract the surface mass balance at the terminus from the modelling
results and which depend on the location of extraction: for the response time 77, the terminal surface mass balance is taken on
the debris-free terminal ice cliff; for 75, it is taken on the debris-covered zone just up-glacier from the ice cliff; for 73, it is
taken as an average of the surface mass balances from 77 and 75; and for T}, it is taken from the average over the last 300 m (or
roughly ten ice thicknesses) including the debris-free ice cliff. The results of these response time calculations for both retreat
and advance are found in Table 3. As is evident by comparison with the corresponding numerical volume response times, none
of these approaches gives reasonable theoretical predictions (Table 3) and results in either strongly over or underestimated
response times, depending on whether the debris-free ice cliff is excluded. Note that using the theoretical volume response
time of Harrison et al. (2001) does not make sense here, as this calculation takes into account the gradient of the surface mass

balance near the terminus, which is close to zero wherever there is debris cover.

The presence and variability of debris cover brings into play additional dynamics that affect not only the volume response but

also the geometry. The transient glacier thickness profile during a retreat showed two distinct shapes, depending on whether the
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stagnant and unsustainable tongue was still present. This time dependent glacier shape suggests that the volume—area power
law scaling relationship that exists for debris-free glaciers (e.g. Bahr et al., 1997) is unlikely to exist in such a simple form for
debris-covered glaciers. Volume—area scaling for debris-free glaciers, which rests on both theoretical arguments and observa-
tional data, shows that debris-free glaciers keep essentially the same shape even if they are not in steady state. This is clearly

not true for the debris-covered glaciers modelled in our study.

Future work in establishing a way to understand and predict volume response times would be very beneficial here, as it would
allow the approximate assessment of the large scale volume and length response to climate forcing without the need to run

detailed, computationally expensive models for each glacier.
4.5 Steady state velocity—debris thickness relationship

The steady state profiles resulting from our model show an inverse relationship between debris thickness and ice flow velocity,
consistent with both observations (Anderson and Anderson, 2018; Molg et al., 2019) and numerical studies (Anderson and
Anderson, 2016, 2018). It is natural to ask to what extent the debris thickness profile depends on the ice flow model and the
debris transport model used. That question can be answered for the steady state case without assuming anything about the ice
flow and considering only conservation of mass. In steady state and for the debris-covered domain, egs. (1) and (3) can be

written as one equation:

o(wH) 9d(uD)
& ox + ox

o, (12)

where k = cus /. Integrating from the location of initial debris emergence (not necessarily at the ELA, as in our numerical
model) to an arbitrary point x further down glacier and rearranging, we obtain an expression for steady state debris thickness
D given by

KueH,

D(zx) = Teflff‘L (13)

where u. and H,. are depth averaged ice velocity and ice thickness at the point of initial debris emergence, respectively. Near

the terminus, the ice thickness H (x) approaches zero and hence, the terminal debris thickness Dy, can be expressed as

Dy >~ ——, 14
Uty

where (). = u. H, is the ice flux at the initial debris emergence point and %, is the ice velocity at the terminus. Note that we
have not assumed SIA or any other ice flow model here, so there is no issue with vanishing velocity at the terminus, although
even in that case one can require nonzero velocity at the terminus as in our debris transport model. Equation (14) is similar to
an-equation-equation (27) derived by Anderson and Anderson (2018) but with the important difference that we have allowed

variable velocity in this derivation, rather than assuming a constant velocity along the entire glacier.

24



495

500

505

510

515

520

525

Consistent with Anderson and Anderson (2018), Eq. (14) suggests that debris thickens towards the terminus as the veloc-
ity decreases. An interesting consequence of our formulation makes use of the fact that we have allowed for a variable velocity.
In the case of a debris-covered glacier near steady state with an approximately uniform debris concentration, one can infer this
concentration by measuring the representative velocity and debris thickness at the terminus and the velocity and ice thickness

at the emergence location.

An additional feature of these model results is that for a fixed climate, the debris thickness profile in steady state appears
to be approximately independent of concentration. Although this agreement is not perfect, one can see that the dashed lines
indicating debris thickness in panels Fig. 2c and 2f are within 10% of each other for most of the ablation zone. For example,
the two glaciers present at x = 10 km both have a debris layer of about 1 m thick even though their respective debris concen-
trations differ by a factor of two. The exception is the upper ablation zone just below the position of debris emergence (e.g.
ELA), as there debris thicknesses are very low and relative differences therefore large. The differences in this zone seems to
have a profound impact on the downstream velocity and ice flux gradient and hence seem to govern the final steady state glacier
length. The very similar debris thicknesses for all concentrations in the lower part of the tongue directly imply almost identical

surface mass balance at the same locations (for surface mass balance profiles see Fig S1).
4.6 Model limitations

We have used a well-tested but relatively simple ice flow model, the shallow ice approximation, which seemed to adequately
capture the ice physics. Our debris transport model did not resolve the englacial transport of debris and assumed that all debris
immediately starts melting out at the ELA. This approximation is a reasonable first order approach, especially for debris that is
deposited onto the glacier surface near the effective ELA or during transient simulations. This assumption works less well for
glaciers whose debris deposition zone is far above the ELA, since the resulting emergence location will be located much further
down glacier. It will likely not change any of our qualitative results but just shift the debris emergence location downstream
from the ELA, resulting in the same general pattern of thickening of debris along the glacier and therefore essentially the same
transient behaviour although at slightly different rates. It is also not an accurate method for determining the steady-state glacier
extent for different climate scenarios, since due to the assumption of constant debris concentration, the total debris input into
the system necessarily scales with the size of the accumulation area and accumulation rate. This is a significant shortcoming of
the model, since it results in larger glaciers associated with colder climates possessing stronger debris source terms, which is
not supported by observations (Banerjee and Wani, 2018). However, the general conclusions with regard to transient behaviour

and delay in response-terminus retreat of debris-covered glaciers still holds—hold. Hence, our modelled tendency of advance

or stagnation in a fluctuating climate is essentially a result of the asymmetric length response. For warm periods at time scales
longer than the terminus retreat delay (e.g. several centuries) the random climate forcing experiments demonstrate the abilit

of the terminus to retreat substantially and to reset this memory to cold periods. Further, since the changes in total debris input
stay in general relatively small and since the glacier does not exhibit a response until the additional debris has worked its

way from the accumulation zone to the surface of the ablation zone, which can take decades to centuries, this becomes more
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important for final steady-state length and volume changes and is not expected to appreciably change the transient response
of a debris-covered glacier far from equilibrium. To address this issue a model with the capability to track englacial debris

transport would be required, which is beyond the scope of this study and is computationally much more expensive.

Another important issue is what happens at the terminus. In addition to the limitations of the cryokarst model discussed
above, a further concern is the choice of boundary condition at the terminus. Our boundary condition is qualitatively similar
to that used in Anderson and Anderson (2016), in that for both models there is a sub-grid scale rule for defining the interface
between the debris-covered surface and an exposed ice terminus. The rare observations of advancing glaciers support the use
of a terminal ice cliff (see Appendix A) but during retreat this is less commonly observed. Even so, the boundary condition
we use captures the effects of a stagnating tongue and therefore still seems largely consistent with observations of terminus
dynamics. More detailed observations of the termini or debris-covered glaciers and their effect on the glacier dynamics would

be of benefit for future modelling studies.

5 Conclusions

We have presented a model that captures the essential processes governing debris-covered glacier dynamics while in a second
step also integrating the effect of evolving cryokarst features on glacier evolution. Using this model, we have investigated the
transient response of debris-covered glaciers to changes in climate. The results show that for a retreat the length response is
strongly delayed compared to the volume response and that in general volume response times are much longer than for clean
ice glaciers. This implies that periods of cold climate have a longer lasting effect on the transient volume and particularly on
the length of debris-covered glaciers than do periods of warm climate. Such glaciers therefore tend to advance or stagnate
in length in a fluctuating climate and hence glacier length is not representative of climate but rather depends on the history
of cold phases. The modelled extended but generally stagnant glacier tongues in a warming climate are in agreement with
observations. With regard to volume loss, the model is however much more responsive and can produce similar to observed
substantial thinning and hence mass loss on the extended tongues due to stagnation or more specifically the cessation in local

dynamic replacement of ice.

When cryokarst features are dynamically included in the model, it enhances both terminus thinning and the retreat rate and
produces similar mass loss rates to those observed today. However, our cryokarst-model was rather simple and the related
parameters not well constrained, underscoring the need for a better understanding of the evolution of ice cliffs and supraglacial

ponds so that they may be more accurately represented in long-term modelling studies.

Currently existing theoretical volume response times do not appear to be relevant for debris-covered glaciers because there

is not a consistent way to define the surface mass balance at the terminus that gives theoretical values that match the numerical
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response times. Taking into account only the debris-covered area greatly overestimates the response time and this is likely due

to the more complicated dynamics caused by the presence of the debris layer.

Code availability. Code used to generate the analyses used in this study is available at https://doi.org/10.5281/zenodo.4546678.

Appendix A: Boundary condition at the terminus

The choice of debris boundary condition near the terminus is not trivial, as many simple approaches lead to numerical simu-
lations that exhibit unacceptable behaviours. Debris must leave the system before reaching the glacier terminus as otherwise
the glacier can effectively grow without bound since debris may continue to thicken down-glacier indefinitely, thereby almost
entirely insulating the glacier from melt. Hence, the debris boundary condition must be applied at a point up-glacier from
the glacier terminus. However, boundary conditions that are defined at a location which depends on grid size, such as a fixed
number of grid points from the glacier terminus, run the risk of exhibiting grid-size dependency in the numerical simulations.
For example, we found that applying a debris flux condition one grid point from the glacier terminus results in a steady state
glacier length that is heavily grid-size dependent, with the length varying by many times the mesh size. This is an undesirable

outcome since the glacier physics should be independent of the numerical discretization used.

Observations of debris-covered glaciers that terminate in an exposed dynamically active ice cliff are numerous, occurring
in relatively recent aerial images (e.g. Tsijiore Nouve, shown in Fig. Ala), early glaciological literature (Ogilvie, 1904), and
even historical paintings (Escher von der Linth, 1794, as shown in Fig. A1b). While the terminus shown in Fig Ala is from a
period of positive mass balance in the Alps (e.g. Molg et al., 2019) and may represent an advancing glacier tongue, ice cliff
termini have also been observed on several retreating debris-covered glaciers in the Himalaya (Evan Miles, personal commu-
nication, 2020). Motivated by these observations, we define the point at which the debris leaves the glacier to coincide with
the location z* of a terminal ice cliff of critical thickness H*, as shown in Fig. A2. The value of 2* is found using a sub-grid

. Hence z*

linear interpolation on the grid points x; and the corresponding ice thicknesses at these grid points, H; = H(x;
is bounded by the grid points x; and ;5 such that H(z;) > H* and H(z; 1) < H* A2. All the surface
debris transported past the ice cliff location =* slides down the cliff and out of the system —Sinee-the-eritical-iee-thickness-will

as shown in Fi

the-and is therefore removed from the surface by setting the debris thickness to zero for all grid points past x*. The surface

mass balance of-the-cell-containing-the-iee-eliffis-then-defined-as-calculation at z,, ; accounts for the sub-grid location of the
ice cliff by using a weighted average of debris-covered and bare ice melt rates—For-, with the weighting dependent on location

of z* S--and-Es surfe ass-bale at-#;1, and is given by:

* *
xr —X; L Li+1 — T
a

Ax Az

ait1=a (A1)
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where a is the debris-covered surface mass balance, @ is the debris-free surface mass balance, and Az is the grid spacing. Fhis

Although the overall method is grid size dependent. it is convergent, i.e. the steady state glacier extents-that-converge to-a
eonstantextent converges to a fixed value as the grid size is deereased-reduced. The results of convergence tests for the case of
¢=0.025% for both warm, corresponding to ELA = 3100 m, and cold, corresponding to ELA = 3000 m, are shown in Table Al.
The extents for the smallest grid size Az = 6.25 m are used for the relative error calculations. We note that the relative error in
steady state glacier extent for the grid size used throughout the present study is roughly 5%, which is on the order of about 200
m. A plot of steady state glacier profiles corresponding to the tests shown in Table Al can be found in supplementary figure S6.

A similar boundary condition was used in Anderson and Anderson (2016), where a-debris-freeregion—was—an ice cliff is

Table A1. Convergence test results for steady state glacier extent corresponding to ¢ = 0.025%.

Az | Extent(warm)  Rel error | Extent (cold)  Rel error
(m)_ (km km)
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also employed at the terminus —in-their approach—-the-and similar physics governs debris leaving the system, due to either
tumbling down the terminal cliff or else by cliff backwasting. One difference in their approach compared with ours is that
debris covers the glacier right up until the terminus and leaves the system at the ice cliff at a prescribed rate, which for most
simulations is set equal to the melt rate times the debris thickness. A second difference is the fact that the size of the terminal
ice cliff — and hence the size of the region over which the terminal debris flux condition is applied — depends directly on the
grid spacingbut-the-debris-flux-can-be-varied—, resulting in a smaller ice cliff as the grid size is reduced. The implications of
this for model convergence are not clear.

In contrast, eur-the geometry terminal ice cliff isreughly-used in the present study is essentially independent of grid size,
since it depends on the critical ice thickness H *;-but-the-debrisflux—isfixed-by-thelocaliee—veloeity, As the grid size is

reduced, the position of the ice cliff is more accurately determined and therefore the terminus geometry converges to a stead

610 value.
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Figure Al. Examples of debris-covered glaciers with an ice cliff terminus: (a) satellite image of Tsijiore Nouve Glacier in 1988, reproduction

with permission from Swisstopo (BA20059) and (b) a painting of the terminus of Unteraargletscher from 1794 (Escher von der Linth, 1794).
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Figure A2. Schematic representation of the model terminus boundary condition. Debris covers the glacier only until a point z*, corresponding

to a critical glacier thickness H*, and past this point the glacier is debris-free.
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Appendix B: Cryokarst model

The model coupling cryokarst features to glacier dynamics described in Section 2.1.5 requires threshold values of driving
stress, Tj and 7, that define the presence of cryokarst near the terminus, which in turn reduces the insulating effect of the
debris locally. We choose the values of the thresholds by examining the modelled driving stress of a debris-covered glacier
during retreat and choosing threshold values that seem consistent with the onset of stagnation. The upper threshold between
100 and 125 kPa is consistent with driving stresses observed at the upper limit of the cryokarst zone at Zmuttgletscher in the
Alps during its retreat from the Little Ice Age to today (100 to 130 kPa; Molg et al., 2020). In Fig. Bla, we plot 74 at 50 yr
intervals during retreat following a step change between two steady states at ELA = 3000 m and ELA = 3100 m. In Fig. B1b
and Blc, we show the corresponding glacier thickness H and velocity u during the retreat. Note that for driving stresses below

the upper threshold (100 to 125 kPa) velocities drop to virtually zero (Fig Blc).

To illustrate the sensitivity of the model to variations in the thresholds, in Fig. B2 we rerun the experiments shown above
in Fig. 6 but for different values of lower threshold 7, while keeping constant T;_ =125 kPa and \,,, = 10%. For larger val-
ues of the lower threshold 7, the full effect of cryokarst is felt sooner and therefore the volume and length response occur
sooner (Fig. B2). However, the percentage of bare ice equivalent, shown in Fig. B2c, is less for larger 7, values as the zone of

stagnation driven cryokarst has less time to develop.
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Figure B1. Effect of glacier retreat in response to step change in ELA from 3000 m to 3100 m on profiles of (a) driving stress 74, (b) ice
thickness H, surface velocity u,, and surface mass balance at time intervals of 50 yr. The dashed black and solid black lines, respectively,

refer to the initial and final steady states (SS) of the retreat experiment.
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Figure B2. Sensitivity of model to different lower threshold values 7, shown by coloured lines for (a) transient volume response, (b)

transient length response and (c) bare ice equivalent debris-covered area during a retreat after a 100 m step change in ELA from 3000 m to

3100 m. In all cases, the debris concentration is ¢ = 0.25%, the upper driving stress threshold is 7'2' = 125 kPa, and the maximum cryokarst

fraction is \,, = 10%.

32



Author contributions. JF and AV designed the study. JF wrote the code and performed the numerical experiments. JF interpreted the data

and wrote the paper with input from AV.

Competing interests. None.

630 Acknowledgements. We thank Tobias Bolch and Nico Molg for helpful discussions. We also thank the scientific editor, Harry Zekollari,
and two reviewers, Leif Anderson and Fabien Maussion, for numerous useful suggestions that greatly improved the quality of the final
manuscript. This research was financially supported by the Swiss National Science Foundation grant number 169775, entitled “Understanding

and quantifying the transient dynamics and evolution of debris-covered glaciers".

33



635

640

645

650

655

660

665

670

References

Anderson, L. S. and Anderson, R. S.: Modeling debris-covered glaciers: Response to steady debris deposition, The Cryosphere, 10, 1105—
1124, https://doi.org/10.5194/tc-10-1105-2016, 2016.

Anderson, L. S. and Anderson, R. S.: Debris thickness patterns on debris-covered glaciers, Geomorphology, 311, 1-12,
https://doi.org/10.1016/j.geomorph.2018.03.014, 2018.

Anderson, L. S., Armstrong, W. H., Anderson, R. S., and Buri, P.: Debris cover and the thinning of Kennicott Glacier, Alaska: in situ
measurements, automated ice cliff delineation and distributed melt estimates, The Cryosphere, 15, 265-282, https://doi.org/10.5194/tc-
15-265-2021, 2021.

Anderson, R. S., Anderson, L. S., Armstrong, W. H., Rossi, M. W., and Crump, S. E.: Glaciation of alpine valleys: The glacier — debris-
covered glacier — rock glacier continuum, Geomorphology, 311, 127-142, https://doi.org/10.1016/j.geomorph.2018.03.015, 2018.

Bahr, D. B., Meier, M. F., and Peckham, S. D.: The physical basis of glacier volume-area scaling, Journal of Geophysical Research: Solid
Earth, 102, 20 355-20 362, https://doi.org/10.1029/97JB01696, 1997.

Banerjee, A. and Shankar, R.: On the response of Himalayan glaciers to climate change, Journal of Glaciology, 59, 480-490,
https://doi.org/10.3189/2013J0G12J130, 2013.

Banerjee, A. and Wani, B. A.: Exponentially decreasing erosion rates protect the high-elevation crests of the Himalaya, Earth and Planetary
Science Letters, 497, 22-28, https://doi.org/10.1016/j.epsl.2018.06.001, https://doi.org/10.1016/j.epsl.2018.06.001, 2018.

Benn, D. 1., Bolch, T., Hands, K., Gulley, J., Luckman, A., Nicholson, L. I., Quincey, D., Thompson, S., Toumi, R., and Wiseman, S.:
Response of debris-covered glaciers in the Mount Everest region to recent warming, and implications for outburst flood hazards, Earth-
Science Reviews, 114, 156—174, https://doi.org/10.1016/j.earscirev.2012.03.008, 2012.

Bolch, T., Kulkarni, A., Kiddb, A., Huggel, C., Paul, F., Cogley, J. G., Frey, H., Kargel, J. S., Fujita, K., Scheel, M., Bajracharya, S., and
Stoffel, M.: The state and fate of himalayan glaciers, Science, 336, 310-314, https://doi.org/10.1126/science.1215828, 2012.

Brun, F.,, Buri, P, Miles, E. S., Wagnon, P., Steiner, J., Berthier, E., Ragettli, S., Kraaijenbrink, P., Immerzeel, W. W., and Pellicciotti, F.:
Quantifying volume loss from ice cliffs on debris-covered glaciers using high-resolution terrestrial and aerial photogrammetry, Journal of
Glaciology, 62, 684—695, https://doi.org/10.1017/jog.2016.54, 2016.

Brun, F., Wagnon, P., Berthier, E., Shea, J. M., Immerzeel, W. W., Kraaijenbrink, P. D., Vincent, C., Reverchon, C., Shrestha, D., and Arnaud,
Y.: Ice cliff contribution to the tongue-wide ablation of Changri Nup Glacier, Nepal, central Himalaya, The Cryosphere, 12, 3439-3457,
https://doi.org/10.5194/tc-12-3439-2018, 2018.

Buri, P, Miles, E. S., Steiner, J. F., Immerzeel, W. W., Wagnon, P., and Pellicciotti, F.: A physically based 3-D model of ice cliff evolution
over debris-covered glaciers, Journal of Geophysical Research: Earth Surface, 121, 2471-2493, https://doi.org/10.1002/2016JF004039,
2016.

Clark, D. H., Clark, M. M., and Gillespie, A. R.: Debris-Covered Glaciers in the Sierra Nevada, California, and Their Implications for
Snowline Reconstructions, Quaternary Research, 41, 139-153, https://doi.org/10.1006/qres.1994.1016, 1994.

Crump, S. E., Anderson, L. S., Miller, G. H., and Anderson, R. S.: Interpreting exposure ages from ice-cored moraines: a Neoglacial case
study on Baffin Island, Arctic Canada, Journal of Quaternary Science, 32, 1049-1062, https://doi.org/10.1002/jqs.2979, 2017.

Escher von der Linth, H. K.: Lauteraargletscher am Grimsel, https://doi.org/https://doi.org/10.7891/e-manuscripta-49948, 1794.

Gardelle, J., Berthier, E., Arnaud, Y., and Kééb, A.: Region-wide glacier mass balances over the Pamir-Karakoram-Himalaya during 1999-

2011, Cryosphere, 7, 12631286, https://doi.org/10.5194/tc-7-1263-2013, 2013.

34


https://doi.org/10.5194/tc-10-1105-2016
https://doi.org/10.1016/j.geomorph.2018.03.014
https://doi.org/10.5194/tc-15-265-2021
https://doi.org/10.5194/tc-15-265-2021
https://doi.org/10.5194/tc-15-265-2021
https://doi.org/10.1016/j.geomorph.2018.03.015
https://doi.org/10.1029/97JB01696
https://doi.org/10.3189/2013JoG12J130
https://doi.org/10.1016/j.epsl.2018.06.001
https://doi.org/10.1016/j.epsl.2018.06.001
https://doi.org/10.1016/j.earscirev.2012.03.008
https://doi.org/10.1126/science.1215828
https://doi.org/10.1017/jog.2016.54
https://doi.org/10.5194/tc-12-3439-2018
https://doi.org/10.1002/2016JF004039
https://doi.org/10.1006/qres.1994.1016
https://doi.org/10.1002/jqs.2979
https://doi.org/https://doi.org/10.7891/e-manuscripta-49948
https://doi.org/10.5194/tc-7-1263-2013

675

680

685

690

695

700

705

Harrison, W. D., Elsberg, D. H., Echelmeyer, K. A., and Krimmel, R. M.: On the characterization of glacier response by a single time-scale,
Journal of Glaciology, 47, 659-664, https://doi.org/10.3189/172756501781831837, 2001.

Jéhannesson, T., Raymond, C., and Waddington, E.: Time-scale for adjustment of glaciers to changes in mass balance, Journal of Glaciology,
35, 355-3609, https://doi.org/10.1017/S002214300000928X, 1989.

Kéiab, A., Berthier, E., Nuth, C., Gardelle, J., and Arnaud, Y.: Contrasting patterns of early twenty-first-century glacier mass change in the
Himalayas, Nature, 488, 495498, https://doi.org/10.1038/nature11324, 2012.

Kirkbride, M. P.: Debris-Covered Glaciers, in: Encyclopedia of Snow, Ice and Glaciers, edited by Singh, V. P., Singh, P., and Haritashya,
U. K., September, pp. 180182, Springer, Dordrecht, https://doi.org/10.1007/978-90-481-2642-2_622, 2011.

Konrad, S. K. and Humphrey, N. F.: Steady-state flow model of debris-covered glaciers (rock glaciers), IAHS-AISH Publication, pp. 255-
263, 2000.

Kraaijenbrink, P. D., Shea, J. M., Pellicciotti, F., Jong, S. M., and Immerzeel, W. W.: Object-based analysis of unmanned aerial vehi-
cle imagery to map and characterise surface features on a debris-covered glacier, Remote Sensing of Environment, 186, 581-595,
https://doi.org/10.1016/j.rse.2016.09.013, 2016.

Leysinger Vieli, G. J.-M. C. and Gudmundsson, G. H.: On estimating length fluctuations of glaciers caused by changes in climatic forcing,
Journal of Geophysical Research: Earth Surface, 109, 1-14, https://doi.org/10.1029/2003j£000027, 2004.

Linsbauer, A., Paul, F., Machguth, H., and Haeberli, W.: Comparing three different methods to model scenarios of future glacier change in
the Swiss Alps, Annals of Glaciology, 54, 241-253, https://doi.org/10.3189/2013AoG63A400, 2013.

Mahaffy, M. W.: A three-dimensional numerical model of ice sheets: Tests on the Barnes Ice Cap, Northwest Territories, Journal of Geo-
physical Research, 81, 1059-1066, https://doi.org/10.1029/JC081i006p01059, 1976.

Menounos, B., Clague, J. J., Clarke, G. K., Marcott, S. A., Osborn, G., Clark, P. U., Tennant, C., and Novak, A. M.: Did rock avalanche
deposits modulate the late Holocene advance of Tiedemann Glacier, southern Coast Mountains, British Columbia, Canada?, Earth and
Planetary Science Letters, 384, 154-164, https://doi.org/10.1016/j.epsl.2013.10.008, 2013.

Miles, E. S., Pellicciotti, F., Willis, I. C., Steiner, J. F., Buri, P, and Arnold, N. S.: Refined energy-balance modelling of a supraglacial pond,
Langtang Khola, Nepal, Annals of Glaciology, 57, 29-40, https://doi.org/10.3189/2016 AoG71A421, 2016.

Molg, N., Bolch, T., Walter, A., and Vieli, A.: Unravelling the evolution of Zmuttgletscher and its debris cover since the end of the Little Ice
Age, The Cryosphere, 13, 1889-1909, https://doi.org/10.5194/tc-13-1889-2019, 2019.

Molg, N., Ferguson, J., Bolch, T., and Vieli, A.: On the influence of debris cover on glacier morphology: How high-relief structures evolve
from smooth surfaces, Geomorphology, 357, 107 092, https://doi.org/10.1016/j.geomorph.2020.107092, 2020.

Naito, N., Nakawo, M., Kadota, T., and Raymond, C. F.: Numerical simulation of recent shrinkage of Khumbu Glacier, Nepal Himalayas,
IAHS-AISH Publication, pp. 245-254, 2000.

Nicholson, L. and Benn, D. I.: Calculating ice melt beneath a debris layer using meteorological data, Journal of Glaciology, 52, 463-470,
https://doi.org/10.3189/172756506781828584, 2006.

Oerlemans, J.: Glaciers and climate change, A.A. Balkema Publishers, Rotterdam., 2001.

Ogilvie, 1. H.: The Effect of Superglacial Débris on the Advance and Retreat of Some Canadian Glaciers, The Journal of Geology, 12,
722-743, https://doi.org/10.1086/621194, 1904.

@strem, G.: Ice Melting under a Thin Layer of Moraine, and the Existence of Ice Cores in Moraine Ridges, Geografiska Annaler, 41,

228-230, https://doi.org/10.1080/20014422.1959.11907953, 1959.

35


https://doi.org/10.3189/172756501781831837
https://doi.org/10.1017/S002214300000928X
https://doi.org/10.1038/nature11324
https://doi.org/10.1007/978-90-481-2642-2_622
https://doi.org/10.1016/j.rse.2016.09.013
https://doi.org/10.1029/2003jf000027
https://doi.org/10.3189/2013AoG63A400
https://doi.org/10.1029/JC081i006p01059
https://doi.org/10.1016/j.epsl.2013.10.008
https://doi.org/10.3189/2016AoG71A421
https://doi.org/10.5194/tc-13-1889-2019
https://doi.org/10.1016/j.geomorph.2020.107092
https://doi.org/10.3189/172756506781828584
https://doi.org/10.1086/621194
https://doi.org/10.1080/20014422.1959.11907953

710

715

720

725

730

735

Pellicciotti, F., Stephan, C., Miles, E., Herreid, S., Immerzeel, W. W., and Bolch, T.: Mass-balance changes of the debris-covered glaciers in
the Langtang Himal, Nepal, from 1974 to 1999, Journal of Glaciology, 61, 373-386, https://doi.org/10.3189/2015J0G13J237, 2015.

Quincey, D. J., Luckman, A., and Benn, D.: Quantification of Everest region glacier velocities between 1992 and 2002, using satellite radar
interferometry and feature tracking, Journal of Glaciology, 55, 596606, https://doi.org/10.3189/002214309789470987, 2009.

Ragettli, S., Bolch, T., and Pellicciotti, F.: Heterogeneous glacier thinning patterns over the last 40 years in Langtang Himal, Nepal, The
Cryosphere, 10, 2075-2097, https://doi.org/10.5194/tc-10-2075-2016, 2016.

Rounce, D. R., King, O., McCarthy, M., Shean, D. E., and Salerno, F.: Quantifying Debris Thickness of Debris-Covered Glaciers in the
Everest Region of Nepal Through Inversion of a Subdebris Melt Model, Journal of Geophysical Research: Earth Surface, 123, 1094—
1115, https://doi.org/10.1029/2017JF004395, 2018.

Rowan, A. V., Egholm, D. L., Quincey, D. J., and Glasser, N. F.: Modelling the feedbacks between mass balance, ice flow and debris transport
to predict the response to climate change of debris-covered glaciers in the Himalaya, Earth and Planetary Science Letters, 430, 427438,
https://doi.org/10.1016/j.epsl.2015.09.004, 2015.

Sakai, A., Takeuchi, N., Fujita, K., and Nakawo, M.: Role of supraglacial ponds in the ablation process of a debris-covered glacier in the
Nepal Himalayas, IAHS-AISH Publication, pp. 119-130, 2000.

Sakai, A., Nakawo, M., and Fujita, K.: Distribution Characteristics and Energy Balance of Ice Cliffs on Debris-covered Glaciers, Nepal
Himalaya, Arctic, Antarctic, and Alpine Research, 34, 12-19, https://doi.org/10.1080/15230430.2002.12003463, 2002.

Scherler, D., Bookhagen, B., and Strecker, M. R.: Spatially variable response of Himalayan glaciers to climate change affected by debris
cover, Nature Geoscience, 4, 156—159, https://doi.org/10.1038/ngeo1068, 2011.

Steiner, J. E., Pellicciotti, F., Buri, P, Miles, E. S., Immerzeel, W. W., and Reid, T. D.: Modelling ice-cliff backwasting on a debris-covered
glacier in the Nepalese Himalaya, Journal of Glaciology, 61, 889-907, https://doi.org/10.3189/2015J0G14J194, 2015.

Steiner, J. F., Buri, P, Miles, E. S., Ragettli, S., and Pellicciotti, F.: Supraglacial ice cliffs and ponds on debris-covered glaciers: Spatio-
temporal distribution and characteristics, Journal of Glaciology, 65, 617-632, https://doi.org/10.1017/j0g.2019.40, 2019.

Vacco, D. A., Alley, R. B., and Pollard, D.: Glacial advance and stagnation caused by rock avalanches, Earth and Planetary Science Letters,
294, 123-130, https://doi.org/10.1016/j.eps1.2010.03.019, 2010.

Watson, C. S., Quincey, D. J., Smith, M. W., Carrivick, J. L., Rowan, A. V., and James, M. R.: Quantifying ice cliff evo-
lution with multi-temporal point clouds on the debris-covered Khumbu Glacier, Nepal, Journal of Glaciology, 63, 823-837,
https://doi.org/10.1017/jog.2017.47, 2017.

Wirbel, A., Jarosch, A. H., and Nicholson, L.: Modelling debris transport within glaciers by advection in a full-Stokes ice flow model,

Cryosphere, 12, 189-204, https://doi.org/10.5194/tc-12-189-2018, 2018.

36


https://doi.org/10.3189/2015JoG13J237
https://doi.org/10.3189/002214309789470987
https://doi.org/10.5194/tc-10-2075-2016
https://doi.org/10.1029/2017JF004395
https://doi.org/10.1016/j.epsl.2015.09.004
https://doi.org/10.1080/15230430.2002.12003463
https://doi.org/10.1038/ngeo1068
https://doi.org/10.3189/2015JoG14J194
https://doi.org/10.1017/jog.2019.40
https://doi.org/10.1016/j.epsl.2010.03.019
https://doi.org/10.1017/jog.2017.47
https://doi.org/10.5194/tc-12-189-2018

