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Reply to reviewer’s comments

Update and adaptation of the reply from April 1.

General reply

First of all, we thank both reviewers for thoroughly reading through the manuscript and for all the
helpful critique, ideas, and suggestions. We greatly appreciate the valuable comments and the
promptness of the feedback.

We acknowledge the view of the referees highlighting the long-term evolution aspect, the general
relevance, as well as the extensive and unique set of data and analysis.

They also came up with critical comments and major drawbacks, which mainly referred to the issue
of losing the focus on the main message in the number of different analysis and the overall length of
the manuscript. For the revision of the manuscript we thoroughly considered all the critiques and
suggestions by the reviewers. Changes have been implemented in the revised manuscript, which has
— as we think — improved substantially.

Following this overall comment, we first reply to the major concerns raised by the reviewers and
present the changes that have been performed in the revised manuscript. They encompass a number
of additional changes, i.e. text has been rephrased, added and removed (revised manuscript is ~2000
words shorter), restructuring of content and chapters, removal and re-organisation of figures. The
changes performed are consistent with the ones we suggested in our first reply. Changes in reaction
to specific comments are shown in the respective replies, as is our argumentation where we didn’t
follow the referee’s advice or where we chose a different way of approaching the consideration. For
further changes we want to refer the referees to the revised manuscript, which is provided as a
track-changed word document and a pdf where all revisions are already included (see supplements
zip file).

Reply to major concerns

R2: ‘The title is a tad misleading’.

We agree with the concern of R2 that the title is not perfectly appropriate for the focus of the study.
To better reflect the main content of the manuscript we chose to focus the title on the glacier
evolution rather than on debris cover and adjusted the title to:

‘Unravelling the evolution of Zmuttgletscher and its debris cover since the end of the Little Ice Age’



R1 & R2: ‘Text as well as figures are too long and partly repetitive. It is sometimes confusing to follow
the story due to the large number of analysis and results’.

We acknowledge the fact that the manuscript was rather long in places and that the presentation of
17 figures significantly contributed to this length. We agree that the main messages of the
manuscript got somewhat ‘blurred’ by the shear amount of data and analysis presented. We also
agree that there would be enough information for two stories but the main point of the study is the
longer-term glacier evolution and the interaction and feedback between the different variables. We
therefore decided not to slice this paper as separating the results would not allow to bring these
results together and investigate their inter-relationships (dynamic feedbacks).

Overall, we have made the text more concise, removed three figures completely and additionally
three parts of figures, present some of the content in different format and even removed some
smaller analysis which are not relevant for the main outcomes. Specific details of the performed
changes are listed below:

- Removal of the generation of a moraine-based DTM for the end of the LIA (part of chapter
3.5) as it was not used for further analysis.

- Removal of the elevation change of different debris thickness classes (former chapters 3.6.2
and 4.4.3). The message of this analysis is the insulation effect of the debris cover, which is
already contained in the analysis of ablation stakes.

- Shift of Figure 3b (the table) to the supplements. It is not essential in the main text (but still
useful to refer to in the discussion).

- Removal of Figure 6. The debris surface is described in the text and the photos have been
placed in the supplement.

- Substantial shortening of the chapter on tongue-wide elevation changes (new chapter 4.6),
which is now also easier to follow.

- Modification of the concept and figure (Fig. 11) of the mass balance gradient (incorporated
into chapter 4.6). As suggested by R2, we have done the analysis for elevation bins of 50 m
instead of the glacier sections as in this way it is easier to understand the concept and to
present the results. Due to this modification of the concept, do not anymore need the
section map (former Fig. 10b) and the table (former Fig. 10c). We have reduced the number
of periods from 10 to 7. Also the terminology has been changed from mass balance gradient
to elevation change gradient, which is the correct term in this case.

- The temperature time series (former Figure 14) has been integrated into Figure 3 (mass
balance) as a small, additional subplot sharing the same x-axis. In this way the evolution of
the geodetic mass balance can be directly compared to the temperature evolution and Figure
14 could be removed.

- Former Figure 13 (flow velocities from feature tracking and radar interferometer) has been
moved to the supplements. This figure displayed partly redundant information (reduction
over time, stagnant frontal part; already contained in Fig. 12) and partly information that is
not necessary for the main message.

- Removal of Figure 14 (temperature time series, see comment above on integrating it in Fig.
3).

- Strong reduction of the discussion on the comparison to other glaciers outside of the Alps.
Nevertheless, we have kept a basic comparison to give some useful context, e.g. very few
studies have compared debris extent changes over time.

- Complete re-organisation of the discussion. It is now structured in the main topics, as they
also contain the main messages. The discussion has been shortened by approx. one fourth.



Overall, this resulted in the removal (or shift to supplement) of three figures (Fig.6, Fig.13, Fig.14) and
three figure parts (3b, 10b, 10c) as well as the shortening of a significant amount of text (~2000
words).

R1 & R2: ‘Text on analysis and results and even the discussion do not always focus on the main
messages, making these messages a bit blurry.’

First of all, we have made the main messages stick out clearer in the discussion and conclusion. To
make it clear also here, these main messages are:

- Climate is responsible for the glacier-wide mass balance

- The observed debris increase over time is very strong and unprecedented

- Debris cover provokes spatial and temporal change patterns (reduced length and area
change)

- Ice cliffs are persistent as features but do not compensate the debris insulation, thus the
larger glacier area is responsible for the comparable mass balance

- lce dynamics directly influences ice cliff as well as debris cover evolution

We have also amended the text in the introduction, results, and discussion to serve more arguments
to arrive at these messages. To be clearer about the messages, we have introduced additional sub-
chapters in the discussion that specifically contain the main messages. The additional sub-chapters
also help to structure the discussion in a more logical way. Together with the language comments by
the reviewers as well as an additional correction by a native-speaking glaciologist we are confident
that the story is much clearer now, thus increasing the impact of the study.

R2: ‘Methods are not always reproducible.’

We further clarified the methods and added additional details. For the technical aspects of the
production and detailed analysis of the DTMs (specific comment) we refer to Mélg & Bolch (2017) as
they described the methods in detail. Also note that this study focuses on the glacier evolution and
the links between variables and is not designed as a technical assessment or development of
methods.

Specific steps that have been undertaken regarding this concern are:

- Slight changes in text by adding further details of explanation and amendments of the text
for clearer language (e.g. for the geodetic mass balance, debris cover mapping, ice cliff
influence)

- Referring to further existing studies where references were not sufficient (e.g. in surface
feature mapping)

- Removal of analysis that are not necessary and thereby reducing the complexity of the
overall study as well as specific text sections and analysis descriptions (e.g. the moraine-
based surface topography)

- Change of analysis to a clearer concept (ice cliff influence)

- Clarification of our terminology to better distinguish between exposed-ice areas and ice
cliffs.



R2: ‘Ice emergence and horizontal displacements should be considered when calculating the
influence of ice cliffs on total elevation change.’

The objective of this analysis is to understand the potential influence of ice cliffs on elevation change.
To do so, we compared area-averaged elevation change with or without ice-cliffs and their
surrounding areas but could not see substantial differences. Importantly, we do not explicitly
compare different time periods. Also, both horizontal displacements and cliff backwasting are
inherently accounted for by applying the buffer. Thus, our main conclusions only refer to elevation
change per date (not ablation) and are in our view robust and do not require emergence velocities
and horizontal displacements. We have adjusted the description to make the objective of the analysis
and the conclusion drawn from it clear.

R2: ‘...The elaborate comparisons of Zmutt with other glaciers could be removed/reduced. ... Some of
it would be suited for a review on the state of Swiss glaciers.’

We do not quite agree with the referee. A major aspect of this paper is the difference/non-difference
in evolution/dynamic behaviour between debris-covered and debris-free glaciers. Thus, we consider
it crucial to set the evolution of Zmuttgletscher in context with other clean-ice and debris-covered
glaciers in the region (on the basis of simple measures such as length, area, and elevation change
patterns).

R2 raised a specific concern regarding the analysis represented by Figure 17. This analysis clearly
yields that debris-free and debris-covered glaciers can be separated based on elevation change
patterns, and that Zmuttgletscher can clearly be grouped to the latter. The y-axis of the figure shows
only elevation bins and no absolute numbers because the absolute elevation was normalised for
comparison. This is necessary to account for the different elevation ranges of the glaciers. To make
this clear we have changed the axis caption from ‘Elevation class’ to ‘Normalised elevation class’.

R1: ‘The influence of ice cliffs is shown in both a table and a figure.’

We decided to keep Table 2 in the main text. It shows information that is complementary to the
figure, such as ice-cliff area and area share per date. However, we tried to incorporate it more in the
discussion and focus on the cliff area reduction as a consequence of increased dynamics. This is an
important result to show as it is related to dynamic interactions (see main messages).

R1: ‘I suggest placing [section 4.4.3] after you have discussed the changes in surface velocities.’ ...

We agree and have adjusted the structure of the manuscript: The surface flow velocities have been
moved up and newly represent chapter 3.4 instead of 3.7 in the methods, and chapter 4.4 instead of
4.6 in the results. We follow this suggestion by R1 because the flow dynamics is somehow inherent in
the surface features and the mass balance and even referred to in the text.

Unlike announced earlier, the chapter on the elevation change gradient has not been incorporated
into the chapter of geodetic mass balances. Because we only considered surface elevation changes
the formerly used term ‘mass balance gradient’ was not correct and we’ve change it to ‘Elevation
change gradient’. With this title and the content it is a logical part of the chapter on tongue-wide
elevation changes.



The new structure of the manuscript is as follows:

1. Motivation and objectives
2. Study site
3. Data and methods
3.1. Generation of DTMs and orthophotos
3.2. Glacier area and length
3.3. Debris cover, on-site ablation and on-site air temperature
3.4. Surface flow velocities
3.5. Surface features
3.6. Surface elevation changes and geodetic mass balance
3.6.1.Uncertainties
4. Results
4.1. Geodetic mass balance
4.2. Glacier area and length changes
4.3. Debris cover
4.3.1.Debris cover evolution
4.3.2.Debris cover characteristics
4.4. Surface flow velocities
4.5. Ice cliffs and related elevation change
4.6. Tongue-wide surface elevation change and patterns
5. Discussion and interpretation
5.1. Methods suitability and shortcomings
5.2. Chronological evolution and process interactions
5.3. Unprecedented debris cover increase
5.4. The influence of debris cover on glacier geometry
5.5. Climate-driven glacier mass balance and flow dynamics
5.6. The role of debris-related surface features
5.7. Dynamic interaction between flow velocities, debris cover, and ice cliffs
6. Conclusions

R2: ‘To have an accurate curve the melt rates have to be normalized by the clean ice melt rate at the
same elevation. Does normalized in this figure mean that you had a stake at the same elevation on a
clean part of ice, representatively close to the debris stake, that was used to normalize each point?’

We have changed the depicted values from ‘normalised melt’ to ‘melt per day’, since the clean-ice
stake used for normalisation was not placed in a comparable climate as the other stakes (which
would not be possible). We present the results of the 7-weeks period to proof and roughly quantify
the insulation effect of the debris and not to establish an individual ‘Ostrem-curve’ for
Zmuttgletscher, which we also do not need for our further analysis. We think that our conclusion of
melt reduction can be drawn because (i) debris of the observed thickness does substantially reduce
ablation, (ii) the ablation rather depends on debris thickness than on elevation (there is zero
correlation between elevation and melt, but an R? of 0.95 when we apply a logarithmic function to
the measurements above 0 cm thickness), (iii) the measurements for two stakes with 5 and 25 cm,
respectively, yield almost the same melt rate even though the stakes are located in quite different
elevations.



R1: ‘Elevation change vs. debris thickness information is repetitive.’

We were not exactly sure what the referee referred to but we reduced the amount of information in
the text as well as former Figure 6. Additionally, the analysis of elevation change on different debris
thickness classes has been removed as the temporal coverage on debris thickness information is
limited.



Response to reviewer comments

Reviewer #1

Specific comments

P1 L2 — changes in debris cover over time
Done

P1 L2 — “changes in debris cover over time, or surface flow velocities” is a bit unclear. Do you
mean they are investigating changes in debris cover or surface flow velocities over time? Or is
this surface flow velocities meant to be on its own so there are 4 separate items here? Please
clarify.

New P2 L6

We’ve re-ordered the items. It should be clear now: “Current research at many debris-covered
glaciers and specifically in the Himalayas is mostly focussed on processes, such as ablation
beneath the debris cover and in areas of ice cliffs and ponds, thinning of glacier tongues, surface
flow velocities, or changes in debris cover over time.”

P2 L7-12 — This paragraph is a single sentence. Consider breaking this paragraph down into
multiple sentences to make it easier to read. Also, are referring to all the studies that have been
conducted on debris-covered glaciers? Or are you referring to the numerical modeling studies?
The paragraph refers to all studies. We’ve started a new paragraph so we think this should be
clear. We have added a numbering of the different shortcomings to distinguish between the main
items of this paragraph (new P2 L12):

“However, most studies ... of debris-covered glaciers: (i) time series are often short ...; (ii)
investigations are often local ...; (ii1) by considering only one or few variables ... ; (iv) studies at
glacier scale ... .”

As far as we undertstand it, the semicolon can be used to separate independent clauses into
sentences, the content of which is closely related. We consider this an element of style and less
important for the understanding of the paragraph and therefore prefer to keep it.

P2 L18 — increase in debris cover. General note as this is the second time, increase “of” typically
followed by a number, while increase “in” typically refers to the object/thing. Consider revising
this change from “of” to “in” throughout the text.

Thank you for this tip. We’ve changed it in several places throughout the document.

P2 L22-23 — if you are going to say they are in the center of attention due to their importance,
then you should state the reason why they are important. I’m not sure this is necessary though,
since the main point is simply that the data is not available to investigate.

True. The insertion (“ — which are in the center of attention due to their importance — ) is not
necessary, we’ve removed it.

P2 L.28 — “at the example of”” doesn’t make sense. Consider ... debris-covered glaciers through
the study of Zmuttgletscher in the Swiss Alps.”

New P2 L33.

Thank you. We changed it accordingly.

P4 L4-7 — Remove from the caption of Figure 1.
Done.



P4 L10 — Table 1 shows the topographic maps, satellite, and aerial images, so move “(Table 1)” to
after the satellite images. You could consider breaking this into two separate blocks of data like
“topographical maps, ..., and satellite images (Table 1) in addition to various field observations
and long-term temperature measurements.” To make the distinction that Table 1 is related to these
3 products even more apparent.

New P4 L6.

Thank you, good suggestion. Implemented as suggested.

P5 L6 — First time DTM abbreviation is used it should be spelled out fully.
Done.

P6 L15 — “This resulted in a glacier area information for each data” doesn’t make sense. Please
clarify. Also, is this different than the first line of this section stating that glacier area was
measured since 18597 It appears to be repetitive.

New P6 L1.

This might be a misunderstanding: it said “...in a glacier area information for each date” (not
datA). We’ve adjusted the sentence to “This time series of maps and orthophotos resulted in a
glacier area value for each corresponding date since 1859 to make it clearer.

P6 L24 — until 1997, and an additional data point...

New P6 L10.

The clause has been removed, because the GLAMOS measurements for Zmuttgletscher are not
anymore used due to their problems of data gaps and reference positions before 1946.

P6 L32-33 — A bit unclear: were the two historic maps with debris cover symbols manually
digitized as well? If so consider, “Debris cover extent for the orthophotos and historic maps that
contained a debris cover symbol were manually digitized (Figure 2a and b).”

New P6 L19.

Yes, all were georeferenced and digitised. Changed as follows: “Debris cover extent for the
orthophotos and historic maps was manually digitized.” The fact that they contained the debris
cover symbol is already mentioned before and repetitive.

P6 L33 — ... Siegfriend map (1879) was verified using two photographs...
New P6 L21.
Done.

P6 L34 — This information was valuable ..., which was the region of the strongest changes.
Switching from past tense in first sentence to present tense in this last sentence. Suggest keeping
the tenses the same for the paragraph to make it easier to read.

New P6 L22.

True. We’ve changed the second sentence to past tense as well.

P7 L5 — A bit confusing. First, you should reference Figure 1, since they show where these were
provided. Second, what do you mean by “for setting the elevation change observations into
context”? Do you mean you were doing this to compare to the elevation change estimates from
aerial/satellite imagery? Or were you measuring the surface mass balance to be able to break the
elevation change in the aerial/satellite imagery into the surface mass balance and the flux
divergence? I assume this will become clearer in the results, but it should be clarified here as well.
New P7 L1.

It was done to have an idea of the melt, and to complement the elevation changes from DTMs
with shorter-term field measurements.



We’ve changed the sentence to “Ablation was measured at seven points on the glacier tongue
(Error! Reference source not found.) during summer 2017 to better understand the influence of
debris on melt and to complement the longer-term information on elevation changes.”

P7 L12-14 — A bit unclear as well. Do you mean “Debris thickness was measured via manual
excavation along several transects perpendicular to the glacier tongue.”? This seems to be the case
from the figure and results.

New P7 LS.

Exactly. We’ve changed the sentence and added additional information: “Debris thickness data
were collected in the field by manual excavation along and in between three transects
perpendicular to the glacier flow direction in September 2017 (...).”

P7 L15-16 — “used to put observations into context” does not provide any information to the
reader. What observations were you trying to put into context? What context? Additionally,
stations had to be close to what? To each other? To the ablation stakes? Please clarify.

New P7 L13.

So many, so justified questions © We hope it is clearer now. We’ve also added additional
information that had before only been presented in the discussion.

New sentence: “The selected climate stations had to be as close to the study site as possible, lie at
similar elevations, and cover a long period. Since no single station fulfilled all requirements, we
used the stations in Sion (484 m, ~35 km distant) and Col du Grand St. Bernard (2472 m, ~40 km
distant).”

P8 L28 — which reaches up to ...
New P8 L13.
Done.

P8 L40-41 — consider consolidating the two sentences “Independent of the method, 100 m
elevations bins (starting from 2100 m) were used to get a representative value for elevation
change calculations in order to reduce the susceptibility of elevation change calculations to
outliers due to the incomplete coverage of some areas of the glacier.”

New P8 L20.

Thank you for the suggestion!

We’ve actually rearranged the whole paragraph since the explanation of the processing was
maybe not quite clear:

“In areas of data voids or artefacts in the DTM, especially in higher elevations, no surface
elevation change values could be calculated. In order to reduce the sensitivity to data voids and
outliers, 100 m elevation bins (starting from 2100 m) were used for the elevation change
calculation. In elevation bins without DTM coverage, the average of three extrapolation methods
was used as the final mass balance value. The following three methods were used to fill the data
voids: (1) a linear relationship between elevation and elevation change (ref), which is based on the
strong respective correlation up to R?>=0.93; (2) using the same relationship but additionally
setting the elevation change values to 0 when they become positive in the highest elevations; (3)
using the mean elevation change value of the uppermost elevations that contain data and applying
it to the glacierised area above.”

P9 L22 — Do you mean, “change in debris thickness may impact the changes in surface
elevation™?

As part of the consolidation process of the manuscript, this analysis was removed completely. The
analysis was based on these measurements and the DTM difference maps of several periods. From
the orthophotos and the elevation change maps it is pretty clear where thin and thick debris are
located (very similar pattern today and in the past), as well as bare ice. But the uncertainty of the
thickness classes for the earlier periods is large and therefore we decided to remove this analysis.
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The message of this analysis is also contained in the ablation stake measurements, i.e. debris melt
reduction.

P9 L25 —20,000 m2? Or 20.0 m2?
Removed (see comment above).

P9 L37 — delete “additionally”
Done.

P10 L2 — The interferograms were...
New P7 L29.
Done.

P10 L4 — negative velocities were considered to be noise...
New P7 L32.
Done.

P10 L18 — this study.
Thank you for spotting. Done.

P10 L11 — The wording is a little awkward. Consider “From close to the end of the LIA (~1850s)
to 2017, Zmuttgletscher has retreated by 1907 +/-12 m (12.1 +/- 0.09 m/yr). The maximum rate of
retreat peaked between 1961 and 1977 at 21.7 +/- 0.04 m/yr.”

Figure 3 — is there a reason Figure 3b, which is a table, is listed as a figure? What is the cause of
the difference between Zmuttgletscher (this study) and GLAMOS 2018? They appear to be
substantially different, albeit showing similar trends.

New P10 L2.

Thank you, we changed the sentences as suggested.

Former Figure 3 (new: Fig. 4) has been split up: the length change was slightly adapted (to
distinguish the curves more easily) and kept in the main text as a separate figure. The two tables
were moved to the supplement, where they still provide some useful information.

The difference between the two ZG curves cannot be well explained (as stated in the discussion
5.1). We agree that it is confusing and not necessary, since we have the length change information
from our own data. Therefore we decided to remove the GLAMOS length record for
Zmuttgletscher, as stated in P6 L10.

P10 L25 — “was with” does not make sense. “Until 2013” also sounds awkward. Consider
something along the lines of “At the end of the LIA 2.8 +/- 0.2km2 of Zmuttgletscher was debris-
covered, which has increased to > 5 km2 in 2013. During this time, the total glacier area has ...”
New P10 L14.

Thank you. We’ve changed the sentence accordingly: “At the end of the LIA 2.8+0.2 km? of
Zmuttgletscher were debris-covered (~12.9% of the entire glacier area), which increased to
5.034£0.1 km? in 2013.”

P11 L4 — “all parts of the glacier” is fairly vague, perhaps in “all tributaries”?

New P10 L19.

We’ve changed the sentence to “Generally, the extent of debris has expanded up-glacier in TMG
and SBG.”

P11 L5 — the extent of debris has expanded ...
Done.
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P11 L5 — you refer to the debris-covered extent getting closer to Dent d’Herens, but isn’t SBG
(which is included in since you state “both™ at the beginning of the sentence) getting equally as
close to the headwalls of Dent Blanche?

New P10 L20.

Well observed, that was missing. We’ve added it to the sentence: “In both areas the debris extent
has expanded to above the ice fall into the former accumulation areas and starts now close to the
contributing rock walls of Dent d’Hérens (TMG) and Dent Blanche (SBG).”

P11 L4-10 — I think it’s important to be specific when referring to properties of the debris cover.
In this paragraph you are discussing the extent of debris cover, so this should be made clear. The
“debris cover grew strongly” could refer to the thickness of debris cover or the extent of debris
cover. Since both are discussed in this paper, it’s important to always distinguish between the two.
Yes, this is important to avoid confusion. We have revisited all respective references and
corrected them accordingly. Thank you!

P11 L8-10 — This sentence is very confusing. What does “after the exposure of the rock wall”
mean? Please clarify.

New P10 L23.

We’ve changed the sentence and hope that it’s clear now: “By 2010, the ice fall at STG had thinned
sufficiently to disconnect and expose the rock wall beneath, from which a small rock fall detached
between 2010 and 2013 (Fig 6). This debris mound covered an area of approx. 170x300 m and is
now slowly transported down-glacier and spreading laterally”

P11 L18-20: difficult to read. Consider “In such cases, the typical base layer consists of fine-
grained material (sand and even silt) lying directly on the ice, which is overlain by a few
centimeters of pebbles. Above this typical base layer, there is no specific sorting.”

New P11 LS.

Thank you for this suggestion. We have changed the sentences to: “Field investigations reveal a
homogeneous debris cover in some regions with stone sizes in the top-most layer mainly between
10 and 30 cm in diameter, and a much more heterogeneous debris cover in other regions, with
pebble-sized stones to boulders in the metre scaleError! Reference source not found.. The
typical base layer of the debris consists of fine-grained material (sand and even silt), and is
overlain by a few centimetres of pebbles.”

P11 L12 — You state these are over several periods, but the caption states these measurements are
from 05/07 —22/08 2017, which is a single period in time. Please clarify.

New P11 L16.

True. We have corrected the text accordingly: “Ablation measurements from seven locations and
over a seven weeks period in summer 2017...”.

P12 L20 — what does “number” refer to? The number of ice cliffs?

New P12 L.20.

We’ve changed the sentence to: “Even though the glacier has become more and more debris-
covered, we did not find any clear trend in area and location of ice cliffs (Table 3).”

P12 L21 — “lower parts of the glacier tongue until the terminus” is redundant.

New P12 L21.

We’ve changed the sentence to: “They are almost exclusively located in the lowest part of the
glacier tongue (yellow area in Fig9).”

P13 L2 — delete “only very”
Done.
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P13 L10 — delete “only”
Done.

Figure 8 — there appears to be a line along the top of the figure?
Maybe it’s a display error. I’ve exported the figure again, it should be fine now.

P13 L19-20 — A bit redundant saying in some periods, then stating the period, and then doing the
same later. Additionally, I’'m not sure “strong” is the best choice of words to describe elevation
change. It’d be better to be specific: “most negative” or the “surface lowering was greatest”,
something along those lines. For example, “The elevation change was most negative near the
terminus between 1946-1977. Since 2001 though, the elevation change over the tongue has
become more heterogeneous.”

New P13 L13-25.

We have rewritten the whole paragraph and included your suggestions on terminology. We hope
it is now more concise, easier to read, and less repetitive.

P13 L22 — “Between 2879 and 1946, the average surface elevation change was -0.63 m/yr and
most pronounced at the terminus. Surface lowering increased to ...”. Note: This is a bit repetitive

of L19-20.
See comment above. Repetitive content was removed.

P13 L26 — the tongue’s average surface elevation change was almost balanced at -0.11 m/yr.
New P13 L17.

Sentence changed to: “Between 1977 and 1983 the tongue’s average surface elevation was almost
stable at change rates of -0.11 +0.29m yr-1.”

P14 L1 — use either “surface lowering” or “surface elevation change”. Previously, you’ve used
“surface elevation change”, so be consistent. This is especially true because you’re using positive
and negative values for elevation change, so surface lowering with a positive value makes this
difficult to read.

See comment above. Paragraph rewritten and suggestions implemented.

P14 L3 —slight
New P13 L19.
Done.

P16 L4 — do you mean the ratio of thinning for thick debris compared to bare ice?
As part of the consolidation process of the manuscript, this analysis was removed completely (see
comment above).

P16 L14 — please clarify what “no clear hint of an increasing balancing effect” means? There is no
clear trend in the mass balance gradient flattening towards the terminus?

remove the statement? Because further down we say there is an effect of the debris cover...

New P13 L26.

We have re-written most of the subchapter, among others removed this statement, which had even
been somewhat contradicted by the text below.

Additionally, we agreed with R2 that when we want to assess the elevation change gradient it
makes more sense to look at the changes of elevation-based classes than of spatial sections.
Therefore, we have changed the analysis to look at elevation changes of 50 m classes.
Additionally, we have reduced the number of periods from eleven to seven. Thus, the additional
map as well as the table are not necessary anymore. The whole analysis should now be easier to
understand and the figure easier to read.
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P16 L24 — again, this appears to be a ratio. Ratios are not very intuitive. For example, if both
regions were positive, they could still have the same ratio. Why are you reporting and discussing
the ratio and changes in ratios? Is it providing information about how “connected” the upper and
lower portions of the glaciers are? Is it used to understanding the dynamical state that the glacier
is in? Please add a sentence or two to clarify what the ratio is actually telling us about the glacier.
See comment above.

P16 L26 — still show
Sentences changed (see comment above).

Section 4.5 — Is this referring to the “glacier-wide” mass balance? If so change the heading.
New P9 LS.

It refers to glacier-wide mass balance indeed. We think this should be inherent in the word
‘geodetic’, as it needs to be done glacier-wide to be able to calculate the mass balance. We made
it clear that it is done glacier-wide in the respective methods chapter.

P17 L1 — showed an increase in elevation ...
New P9 L9.
Done.

P17 L2 — After 1988, the mass balance became more negative again, even while the lowest areas
on the tongue had a stable or positive mass balance.

New P9 L10.

Changed.

P17 L4 — When did this negative trend intensify? Rearrange this sentence if it was in 2001.
New P9 L11.

It intensified after 1988. We’ve changed the sentence to “The negative trend continuously
intensified and after 2001 ...”.

P18 L4 — add the year that this was done again for reference, so that it is clear in the text. It is
obvious this this is an independent measurement, so you can delete “as an independent
measurement”

New P12 L14.

Done.

P19 L13 — and thus have little impact ...
New P15 L9.
Done.

P19 L14 — delete “also”
New P15 L10.
Done.

P19 L31-L36 — this reads as a methods section, i.e., the reason you chose the methods you did as
opposed to a discussion section. Consider moving this to the methods, although I leave this choice
up to you. The other ones “suitability” of methods seem to discuss other studies, shortcomings,
etc., which is why I don’t think the other parts of this subsection are out of place.

New P15 L25.

We have moved parts of this paragraph up to the methods section (P6 L.10) and also shortened it,
but kept the part about uncertainties in place. We hope that the division is clearer now.
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P19 L39 — “Nevertheless we think...” are you referring to the long-term trend or are you saying
that despite potentially underestimating the area, you still think the trend is significant?

New P15 L25.

Yes exactly. We have rephrased it to: “For 1961, the debris cover extent might be slightly
underestimated as the orthophoto does not fully cover the ablation area and a thin snow-cover was
present in higher areas. This could partly explain the slight reduction in debris extent from 1946
(3.98+0.01 km?) to 1961 (3.79+0.01 km?).”

P20 L13-5 — “similar behavior”, perhaps similar trend? “pointing out” also sounds awkward here.
Perhaps “Zmuttgletscher has shown a similar trend indicating that its glacier-wide mass balance
has foremost been governed by climatic changes rather than a response to changes in debris
cover.”

New P18 L27

We’ve changed the whole paragraph about the climatic evolution and incorporated this
statement in a different way. The closest sentence is: “The evolution of glacier-wide mass
balance of Zmuttgletscher since 1879 is on century and decadal time-scales comparable to
trends on other debris-free glaciers in the Swiss Alps, which are closely related to variations
in climate (Fig 3, refs).”

P20 L31 — Be careful with “higher” elevation change rate as this could imply a positive elevation
change, but here it seems to be referring to being more negative? Please clarify.
We have changed the terminology in the whole paragraph. It should be clear now.

P21 L3-5 — A bit confused here as to how the debris-covered area was stable if the upper margin
of the zone was moved down-glaciers? Are you suggesting that the glacier advanced and that’s
what kept the debris-covered area constant? Otherwise, if the upper margin, which I assume is
referring to the debris/ice extent interface moved downglacier, how could the debris extent remain
constant?

New P16 L19

Yes, the way the sentence had been phrased was confusing. What happened was that only in
the central part of the tongue the clean-ice areas were pushed down and widened. We have
revised the sentence to make this clear: “At the same time, the upper boundary of debris cover
in these areas migrated slightly down-glacier (Fig. 12a), but because the debris cover
continued to expand in other areas, the total debris-covered area was roughly stable during
this period.”

P21 L8-10 — “again” typically does not follow the verb, e.g., became more negative again, or the
debris-covered area strongly increased again.
Thank you. We have adjusted the word order in several places throughout the document.

P21 L23 — and also likely thicker debris
New P19 L31
Done.

P25 L18 — delete a period
Done.

P25 L18-21 — In Section 5.2.1 you state that the magnitude of mass change is governed by
changes in climate as opposed to changes in debris cover. However, here you are stating that the
different magnitudes in mass balance between Zmuttgletscher compared to glaciers in the
Himalaya is likely attributed to the differences in debris cover. While this could play a role in the
differences between the two, how do you know that this difference is not caused by differences in
climate forcing?
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Correct, it could also be the case for the Himalayan glaciers that debris governs the pattern rather
than the magnitude of mass changes.

The comparison to glaciers in the Himalayas has been cut down considerably. Among others, this
statement was removed.

P26 L6-14 — Can this be consolidated? While it is nice to place the changes in debris-covered area
into a regional context, the point gets a bit lost in this long list of every study, region, and change.
We have now strongly cut down this section and at the same time included more information
about the absolute debris cover from other studies. At the same time we think that the point has
become clearer. Most references have been kept for interested readers.

P27 LS — “re-thickening”? It thickened, so why include the “re-"?
New P21 L16
True, it doesn’t provide any additional information. We’ve removed it.

P27 L7 — These observations prove a ...

New P21 L20
Changed to “These findings suggest a clear and direct ...”
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Response to reviewer comments

Reviewer #2

Specific comments

P1L1

The title is a tad misleading, maybe. Yes, debris cover is incorporated in the analysis and a major
component, but the main message is the evolution of the glacier. The results even show that the overall
mass evolution of the glacier is not strongly affected by debris? I'm thinking something in the line of
"Post-LIA evolution of Zmuttgletscher and its debris cover".

Fair remark. We changed the title to

‘Unravelling the evolution of Zmuttgletscher and its debris cover since the end of the Little Ice Age’

P1L6

Often -> generally

Flat. Debris-covered glaciers are generally not flat. They are hummocky due to the spatially variable melt
rates induced by the debris. | think you mean gently-sloped or of low gradient.

New P1 L8

True. We've changed ‘flat’ to ‘gently-sloping’.

P1L7

Today -> at present

New P1 L8
Changed to: ‘At present, many of these glaciers show high thinning rates despite thick debris cover.’

P1L11

Increased from approx. 13% to more than 32%? Provide specific numbers.

New P1L13

We are of the opinion that the abstract should provide a rough picture of the results and at the same time
be as concise as possible (also required by the journal). Therefore we kept the rough numbers as exact
numbers would also need the uncertainty range, which makes the sentence longer and less easy to read.

P1L15
Maybe provide numbers for the area and cliff changes.

~2005; ~1.5 -> Again be specific with you numbers.

New P1 L19.
Thank you. We've removed the tilde as these numbers are as precise as they can be.

P1L20

Why not just call it introduction?

New P1 L25

Isn’t this just a question of personal preference? | just think ‘motivation and objectives’ is a bit more
explicit. In any case it takes up one line.

P1L25

Similar rates of thinning at the same elevation bands. Volume changes would imply mass balance but
these are largely unknown from these studies. Also no reference to the (more recent) elevation difference
paper here [Brun et al., 2017]?

New P1 L30

Changed to “... exhibit similar thinning rates as debris-free glaciers...”.
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As far as we can see, Fanny Brun et al. 2017 did not distinguish between debris-free and debris-covered
glaciers and didn’t make any respective statements. Therefore it would not be correct to cite this paper in
this context.

P1L26-29

There is some debate the last years about the importance of supraglacial ponds, ice cliffs and glacier
dynamics/emergence. | think there are a number of recent papers that could be added here that touch
upon this topic, e.g. [Pellicciotti et al., 2015; Vincent et al., 2016; Brun et al., 2018; Miles et al., 2018].
New P1 L35

Correct, we’ve added a few of these. There would be even more interesting studies, so we’ve also added
an ‘e.g.” before the references.

P1L37

Wouldn't call this 'as a result'.

These glaciers also often have a long flat (low-gradient!) tongue because the insulating surface debris
layer just allows them to extend into the lower, warmer valleys.

New P1 L37

We have re-written the sentences so that it becomes clear that all these things are linked. The fact about
the lower elevation of the glacier tongue is also linked to the reduced ablation, which was mentioned two
sentences before we tried to summarise the above in the sentence that starts with ‘as a result’. We hope
this is clear now.

We have changed it to: “Especially during periods of negative mass balance, the down-glacier increase in
debris-cover thickness reduces ablation through its insulating effect and can lead to a lower — and even
reversed — mass balance gradient (refs). Over time, this reduction in ablation can lead to a decrease in
surface slope and, consequently, driving stress and ice flow velocity (refs). Furthermore, with an increase
in equilibrium line altitude (ELA) the englacial debris melts out earlier, leading to an extended debris cover
further up-glacier (refs). As a consequence of reduced ablation and driving stress, heavily debris-covered
glaciers often have long, gently-sloped, and low-lying tongues with low flow velocities or even stagnant
parts.”

P2L1-6

Long. Rephrase.

New P2 L6-11

We have rephrased the sentence to: “Current research at many debris-covered glaciers and specifically in
the Himalayas is mostly focussed on processes, such as ablation beneath the debris cover and in areas of
ice cliffs and ponds, thinning of glacier tongues, surface flow velocities, or changes in debris cover over
time (refs). A few studies have started to integrate the existing understanding and interactions of some of
these processes into numerical models for the evolution of such glaciers (refs).”

P2L7-12

Same here. Basically two paragraphs of one sentence each. Also these long itemizations could use some
inline numbering.

New P2 L12

Very good idea, we have added a numbering of the different shortcomings to distinguish between the
main items of this paragraph:

“However, most studies ... of debris-covered glaciers: (i) time series are often short ...; (ii) investigations
are often local ...; (iii) by considering only one or few variables ... ; (iv) studies at glacier scale ... .”
However, grammatically, the paragraph consists of five ‘sentences’, not one. A semicolon can be used to
separate independent clauses, the content of which is closely related. We consider this an element of
style and less important for the understanding of the paragraph and therefore prefer to keep it.

P2L22

I think the importance part can be skipped, not quite relevant here and statement has an endless list of
footnotes.

Yes, true. We've removed it (“ — which are in the center of attention due to their importance — “).
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P2L36

Are the latlon for the peaks relevant? The only important one, for the glacier, is missing.

New P3 L2-5

The one for the glacier is in Figure 1a, but we’ve added it to the text. It’s also true that the important
information is rather the elevation of the peaks than their coordinates. We’ve removed them, making the
text also a little bit nicer to read.

P2L40

Only originates from the rock walls? What about the other possible sources, see e.g. [Evatt et al., 2015]?
P3 L5

You’re absolutely right. In the discussion we also state that there are potential other sources (like
moraines). We've added ‘mainly’: “The debris mainly originates from the surrounding rock walls.”
However, we’ve not added Evatt et al. (2015) because it’s rather a theoretical consideration about the
energy balance within the debris layer than actual analysis of debris sources. Therefore, in the discussion

we stick to van Woerkom et al. (2018).

P3L9-10

"at near-by almost"???

Can similar values really be assumed. We often considerably different behaviour of glaciers in a valley due
to differences in microtopography etc.

New P3 L8

We have changed the sentence to: “There are no direct measurements at higher elevations, but model
estimates suggest values between 800-1500 mm (ref). Glaciological mass balance measurements at the
nearby debris-free Findelgletscher (15 km distant) suggest end-of-winter accumulation around 0.8-1.5 m
water equivalent (w.e.) (ref). However, at Zmuttgletscher, avalanching additionally contributes to
accumulation.”

The measurements from Findelgletscher are the best guess we have at our disposition and we think it is
valid to provide this information. However, we have rephrased the sentences to make clear that this is
just a best guess and not the exact numbers we assume for Zmuttgletscher.

P3

| think that there is some irrelevant information provided in the study area section. Keep it clean and
simple.

We have taken out information about climate, geology, and other literature. Thus, we could shorten the
chapter from 662 words to 452 words.

P4L9
plane -> airplane

New P4 L6.
Done.

P5 section 3.1

Because the results depend strongly on the DTMs | think this section is a bit short. There are all kinds of
caveats and things that can go wrong with DTM generation (especially working without fiducials and
markings in Agisoft). A bit more detail on the exact procedures followed would be welcome.

New PS5, section 3.1

We have provided some further details. However, the generation of the DTMs is described in detail in a
paper by Molg and Bolch (2017), including a quality comparison of the output of two SfM software
packages and a photogrammetry software (ERDAS Imagine). Among others, the idea of that paper was to
have a base to refer to in order to save spae in the methods description in the current study.

P5L25
The DTM was produced FROM the tri-stereo image using photogrammetry, I'd guess.
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New P5 L21

True, here the egg laid a hen. We’ve changed the sentence to: “In addition, we generated a glacier-wide
DTM for 2017 (spatial resolution 1 m) using Pléiades tri-stereo, high-resolution satellite imagery based on
photogrammetric principles using PCl Geomatica (ref).”

P6L8

manually digitizing / manual digitization
New P5 L29

Done.

P6L15

I think calling this ice fall is quite confusing terminology. Maybe ice deposits?

New P6 L5

We’ve changed the sentence to: “...since they contribute mass to the main glacier through frequent ice
avalanches.”

P6L17

...allowed correct interpretation of...
New P6 L3

Done.

P6L29-30

Isn't this just normal error propagation? If it is not, why did you choose to

New P6 L16.

Yes, indeed. Isn’t this what we say? The sentence is: “For the calculation of the changes, the uncertainties
of the two respective dates are combined by error propagation, analogue to the mass balance data (ref).

P6L32

which -> that

New P6 L19
We’ve changed the sentence to: “Debris cover extent for the orthophotos and historic maps was manually
digitized (Fig 2).” We’ve removed the ‘debris-cover symbol’ since it is already stated before.

P7L5

Undertook -> performed

New P7 L1

We’ve changed the sentence to: “Ablation was measured at seven points on the glacier tongue during
summer 2017 to better understand the influence of debris on melt and to complement the longer-term
information on elevation changes.”

for setting -> to put

see above

P7L6

...two metre long PVF stakes...

New P7 L3-4

We’ve changed the word order.

Why ‘PVF’? | think the abbreviation ‘PVC’ comes from ‘polyvinyl chloride’. But maybe this was just a typing
mistake.

P7L12

information -> data

P7 L8
Done.
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P7L12-14

When and how often were these measurements performed. Need more details.

New P7 L8-11

The data was taken during a campaign in September 2017. We have changed the paragraph as follows
and hope it is clear now: “Debris thickness data were collected in the field by manual excavation along
and in between three transects perpendicular to the glacier flow direction in September 2017 (for
transect locations see Error! Reference source not found.; results of upper transect see Error! Reference
source not found.a). In general, each data point represents the average of three measurements ~1 m
apart, and the standard deviation is used as uncertainty measure. For debris thicknesses above 20 cm only
one measurement was taken.”

P8L1-6

Have you not considered the object-based ice cliff mapping I've done before [Kraaijenbrink et al., 2016]?
New P7 L39

Yes, we have. We have now included a reference to your paper in the methods section.

The problem of a more sophisticated approach, as you described it, is that we had very variable input
data, mostly black & white, with different texture, quality, and resolution. Also, the link to topography
was very weak, i.e. there are ice cliffs with a relatively small slope (<25°) and steep areas (>40°) that are
still debris-covered. The most important issues are discussed in the methods discussion chapter.

P8L17-18

| do not understand what you mean here. How can one assume a plane due to curvature? Or is the plane
curved to mimic the laterally slightly convex glacier surface? But then it is not a plane, right?

During the consolidation process of the manuscript this section has been removed because it had not
been used for further analysis.

P8L32
I'm not sure if "stand" is the right word here
Included in the removed sections, see comment above.

P8L36-40

It is completely unclear to me when each specific method was used and for what reasons.

New P8 L19-29

It is simpler than it sounded: all methods were used for each mass balance period. For elevation bins with
no coverage, the three extrapolation methods were applied and the average of the three methods was
taken as final value, while the standard deviation went into the uncertainty calculation.

We’ve changed the structure of the whole paragraph and hope that it’s clear now:

“Glacier-wide geodetic mass balance was calculated between dates for which DTMs covered large parts of
the glacier surface (1879, 1946, 1977, 1988, 2001, 2010, 2017). In areas of data voids or artefacts in the
DTM, especially in higher elevations, no surface elevation change values could be calculated. In order to
reduce the sensitivity to data voids and outliers, 100 m elevation bins (starting from 2100 m) were used
for the elevation change calculation. In elevation bins without DTM coverage, the average of three
extrapolation methods was used as the final mass balance value. The following three methods were used
to fill the data voids: (1) a linear relationship between elevation and elevation change (refs), which is
based on the strong respective correlation up to R?=0.93; (2) using the same relationship but additionally
setting the elevation change values to 0 when they become positive in the highest elevations; (3) using
the mean elevation change value of the uppermost elevations that contain data and applying it to the
glacierised area above. The area-weighted average elevation change of all bins was summed up to reach
the average elevation change of the total glacier surface.”

POL2-3

Just a complicated way to say area-weighted?
New P8 L27

20



Correct. We've changed it to: “The area-weighted average elevation change of all bins was summed up to
reach the average elevation change of the total glacier surface.”

POL10-11

| do not understand why this was done. Now you're assuming a single elevation for the entire period for
specific parts of the glacier? Wouldn't it be better to leave it as no data and perform weighted statistics
appropriately?

We have removed this section since it adds complication and confuses and is irrelevant for the total
uncertainty.

For the record and in case you are interested: We did not use the elevation of 2010 for the entire period,
which would indeed introduce a relatively big error. Instead, we only used the AREA of the elevation bins
from 2010 and applied them to those dates, where the DTMs did not cover all elevation bins.

POL22

impact on surface -> impact surface
This analysis has been removed in the revised manuscript.

P9L23

So there is a class for 5 cm debris and for debris thicker than 15 cm. What about the rest? That is,
between 5 and 15? Or do you mean just two classes, thin and thick, <15 and >157?

As part of the consolidation process of the manuscript, this analysis was removed completely (see
comment below).

P24-P26

So now there is suddenly a lot of debris thickness data. | don't understand this? How were the maps
produced? Were there that many pits dug for all these time steps? If so, that's quite impressive.

The only debris thickness measurements are from 2017. The analysis was based on these measurements
and the DTM difference maps of several periods. From the orthophotos and the elevation change maps it
is pretty clear where thin and thick debris are located (very similar pattern today and in the past), as well
as bare ice. But the uncertainty of the thickness classes for the earlier periods is relatively large and
therefore we decided to remove this analysis. The message of this analysis is also contained in the
ablation stake measurements, i.e. debris melt reduction.

PIOL35

Correlation quality ('strength')? I'd just use 'correlation'. Correlation itself implies a quality/strength of fit.
Yes, absolutely. The term ‘Strength’ referred to the output parameter of this name by the software. It is
confusing, thus we have removed it.

P10L8

Why smaller or equal than 0.03, and not just a uncertainty value?
New P7 L36

Changed to #0.03 m/yr.

P10L8

There should be no space between the first number and the plusminus symbol.

You use m/yr semi-consistently throughout the manuscript. Preferebly use scientific notation and in
glaciology it is somehow common to use pro annum instead of per year: 12.1 m/yr -> 12.1 m a-1. Change
this throughout.

We’ve removed the space throughout the manuscript.

We've changed m/yr to m yr-1 (as it is used by many others, e.g. Benn et al. (2012), Fischer et al. (2015),
Brun et al. (2017) etc.). This way the abbreviated words are consistently in English (which | find somehow
more intuitive to read).

P10L14
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slowed down -> decelerated
New P10 L5
Done.

P10 Fig3

Figure 3 is a bit confusing with all the length changes and additional table. What is the point here. Maybe
combine figure 3 and 4, and skip the display of the other glaciers? Just mentioning in text that they are
quite similar around Switzerland would suffice, | think.

New P10 L8

It is true that the combination with the tables was a bit confusing. We have removed the tables and
shifted them to the supplements, where they still provide useful information (esp. on area changes).
Nevertheless, we have kept the length change figure. It was slightly adapted to be easier to distinguish the
curves. This length change curves of the different glaciers — which are actually quite different — are
imortant for the interpretation of a debris-cover effect in the length change. Among others, this figure is
used in the discussion to arrive at this conclusion.

P10L27

...resulting in 33% debris cover at present.

New P10 L15

Sentence changed to “During this time the total glacier area has decreased from 21.24+0.4 km? to
15.82+0.3 km?, resulting in 31.8+2% of the glacier area being debris-covered in 2013 (fig).”

P11 Fig5

The different periods are a bit difficult to read with the current colour scheme. This could be improved by
mapping it over a wider range of luminosities, i.e. from lighter yellows to darker reds.

New P11 L1

We agree that the colour palette was not ideal. We’ve changed it to run from dark brown to orange to
yellow.

P11L16-17

I'm not a geomorphologist, but is superficial the right terminology?

"in the metre scale" sounds strange

New P11 L5-7

Yes. We've changed the sentence to: ‘Field investigations reveal a homogeneous debris cover in some
regions with stone sizes in the top-most layer mainly between 10 and 30 cm in diameter, and a much

more heterogeneous debris cover in other regions, with pebble-sized stones to boulders in the metre
scale ...’

P12 Fig7 panel b

No error bars on these points?

The melt rate below the debris surface depends both on elevation (i.e. temperature + radiation) and on
debris thickness. To have an accurate curve the melt rates have to be normalized by the clean ice melt
rate at the same elevation. Does normalized in this figure mean that you had a stake at the same
elevation on a clean part of ice, representatively close to the debris stake, that was used to normalize
each point? If so, did you clear the glacier of debris or did you find a naturally clear spot? Could there then
have been errors in the clean ice ablation measurements by radiation emitted or reflected by nearby
debris; an energy balance component that would not exist on a completely debris-free glacier?

EDIT: | see now in the text there was one reference stake at 2600. I'm then not quite sure whether the
conclusion made are sound.

New P11 L11

Correct, the reference stake used for the normalisation is the debris-free stake on 2600m. This is the
lowest elevation with clean ice. Our conclusions are that (i) debris of the observed thickness does
substantially reduce ablation, and that (ii) the ablation rather depends on debris thickness than on
elevation. Looking at the individual stakes we see zero correlation between elevation and melt, but an R2
of 0.95 when we apply a logarithmic function to the measurements above 0 cm thickness. Also, the
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measurements for stakes with 5 and 25 cm yield almost the same melt rate even though the stakes are in
quite different elevations. All measurements were taken on roughly flat surfaces. Since we do not use the
derived Ostrem-curve for further analysis, the exact numbers do not have any impact. But we think there
is sufficient evidence to arrive at the conclusions mentioned above and in the text.

We have changed to figure to show melt rates over the 7-weeks period. Thus, we arrive at the same
conclusion without introducing a small additional error by normalising with the clean-ice stake from a
different elevation.

We also added a sentence about the uncertainties. They are too small to display as error bars in the
figure.

P12L16-17

Could perturbation of the debris layer during drilling of the stakes have caused a difference in the debris
matrix that could have affected the melt rates?

We gave our best to replace the debris the same way it was before, but some deviation from the previous
sorting cannot be excluded.

We do not know how this difference could be assessed. Do you have an idea? But if there was a
substantial difference, we would have seen a deviation of the melt around the stake and the immediately
surrounding area, which was not the case.

P12 section 4.3

I am a bit confused by the mixed terminology between exposed ice and ice cliffs. At first | thought that
with exposed ice, bedsides ice cliffs also patches with very thin or absent debris were meant. However, in
this section and also further in the manuscript, it seems like exposed ice and ice cliffs are used
interchangeably. Please make this clearer and be consistent with your terminology. If you just mean ice
cliffs, | would suggest sticking to that term, since this is most commonly used in literature.

We’ve changed the terminology. We made clear in the methods that the term ‘ice cliffs’ includes both
exposed ice from ice cliffs and exposed ice from water flow channels and then stuck to the term ‘ice cliffs’
throughout the document.

P12L23

,but the -> ,and
This statement has been removed.

P13L1

The promille is a bit confusing and unnecessary here, | think. Just stick to 0.5% and 1.8% in this sentence.
New P12 L23

Yes, confusing indeed. Changed as suggested.

P13L10

This also depend on variable rates of ice emergence, which should theoretically be taken into account if
an analysis on a subset of a geodetic dataset is performed, also see [Brun et al., 2018]. Ideally, to really
look at the effect of ice cliffs and their relative melt, there should be some correction for the downglacier
displacement of the ice and cliff.

New P12, section 4.5

The objective of this analysis is to understand the potential influence of ice cliffs on elevation change. To
do so, we compared area-averaged elevation change with and without ice-cliff and their surrounding
areas but could not see substantial differences. Importantly, we do not explicitly compare different time
periods. Also, both horizontal displacements and cliff backwasting are inherently accounted for by
applying the buffer. Thus, our main conclusions only refer to elevation change per date (not ablation) and
are in our view robust and do not require emergence velocities and horizontal displacements.

We adjusted the description to make the objective of the analysis and the conclusion drawn from it clear.

P13L26
balances -> stable
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New P13 L17
Sentence changed to: “... the tongue’s elevation barely changed...”.

P13 section 4.4

Uncertainty ranges should be included in the numbers that are provided in this section.
New section 4.6

Done.

P14L7

Pushed down sounds odd. "Travelled downglacier with the flowing ice"?

..at a higher rate..., is it relevant if the rate is higher? They are 'pushed' irrespective of the velocity (expect
for completely stable ice).

We have removed this statement since it doesn’t provide any crucial information.

P15 Fig9

Color of the class -0.5-0.5 should be white, in my opinion.

New Fig 10, P14

The problem with white is that it cannot be distinguished anymore from the background, i.e. where there
is no data available. We have changed the yellow into yellow-grey to give it a more neutral appearance.
Too grey would again move it to the blue category, thus it’s a fine line.

P16L6

"at 50 cm resolution”

This sub-chapter has been completely removed. The analysis of the difference between the two UAV
DEMs was removed because it contained a redundant message.

P16L11
remove 'due to higher temperatures'
We’ve removed the sentence, since it was a repetition from above.

Pl16L14

"There is no clear hint" does not sound very scientific.

New P13 L26-28.

True. We have strongly changed the text and reduced it to the central content. Also, we incorporated it
into the elevation change chapter (4.6), since it is an extension of the same data and also about elevation
change patterns.

P16 Figl0

Instead of plotting glacier section number on the x axis it would be more informative to use the mean
elevation of a section instead. In that case, you may also consider switching the axes to get an dh/dt
gradient kind of plot, similar to figure 17.

What does the 'relation' show in the subtable? A regression through sections? Should ideally be filtered
for significance. Consider skipping the table entirely.

New P15 L1

We agree that when we want to assess the elevation change gradient it makes more sense to look at the
changes of elevation-based classes than of spatial sections. Therefore, we have changed the analysis to
look at elevation changes of 50 m classes. Additionally, we have reduced the number of periods from
eleven to seven. Thus, the additional map as well as the table are not necessary anymore. The whole
analysis should now be easier to understand and the figure easier to read.

P16L29

This is not based on your data, right? Provide inline reference.

New P9 L5

Probably this is some kind of misunderstanding. Here we present the results of our mass balance analysis.
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P18L4

Unclear, please rephrase.

New P12 L14

We've rephrased the sentence to: “The displacements from radar interferometry from the 1.5-day period
in summer 2017 yield similar results and confirm the quasi-stagnation of the lower tongue ...”.

P18 section 5.1

Could use some subsubheadings

New P15 L6

We chose to keep it separated by the different paragraphs. Subheadings would take up additional space
and the chapters would mostly be rather short. The chapter has also been shortened considerably (from
913 to 600 words).

P19L9

These uncertainties are a bit unclear to me. A range from about 1 meter to 2 meter. Also, when you
convert that to m a-1, doesn't that depend on the variable time span between each observation pair?
New P15 L7

Here we provided the range because the uncertainties are different for each DTM. We added a reference
to Table 1 where these uncertainties are stated.

Yes, the value of the annual uncertainty depends on the length of the time span. We considered this
accordingly whenever we provided annual change values.

P19L19-20
Bit irrelevant background info
Deleted.

P19L27-30

| agree. | think it is not fair to compare 1.5-day measurements to those over much longer time spans.
There will be quite some intraannual, intraseasonal and probably diurnal variability in velocity. This should
clearly be acknowledged prior to the discussion.

New P15 L23

We have kept this information at this location where we think it is appropriately placed. Also, the radar
information is used as complementary data to get a preciser idea of the velocity pattern and the
stagnating glacier part. For this purpose the hint in the discussion to the seasonally restricted meaning is
sufficient.

P19L42

Don't miss [Kraaijenbrink et al., 2016] here :-)

New P15 L30

How could we ©

We agree that it was an important reference that we missed to cite.

P20L8
| don't think the discussed P and T encompass "all glacier-related variables".
During the reorganisation process, this statement got removed.

P20 Fig 14

Not a big fan of introducing new figures, data and analyses in the discussion section.

Discussion is to discuss the results already presented.

We agree. Newly, we included the temperature change information in the mass balance figure. By sharing
the same x-axis, the two pieces of information can nicely be linked, even visually.

P20L22
is it a constant increase, or a continuous increase?
New P16 L7
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We’ve restructured the sentence to: “At the same time, the debris-covered area increased from
2.8+0.2 km? in 1859 to 3.79+0.01 km? in 1961”

P20L28
Exposed-ice? You mean ice cliff? Earlier comment applied to this section as well.
We changed the terminology (see earlier comment). It is now ‘ice cliff’ in this case.

P21L4

Was even moded -> has even moved. Same next sentence.

New P16 L21
Done.

P21L7

Attenuated is not the right word here. Attenuate means to make something else smaller, thinner, or
weaker.

P16 L23

True, thanks for spotting this. We agree that the term is not quite adequate in this case. We've changed it
to “.. the retreat rate and area loss gradually slowed down.”

P21L14

During...decades -> Over the last 16 years

| really don't get these ranges that use the tilde symbol. About 0.80 to 0.98 seems rather specific to me.
Why is this an estimate?

New P16 L33

Changed to ‘In the most recent period (2001 to 2017) ...

We tried to keep the discussion on a qualitative level as far as possible. Exact values here would mean the
values of three periods including uncertainty ranges, which is long, repetitive, and not really necessary.
Therefore we kept the rough values but exchanged the tilde symbol with an ‘approx.’

P21L15

Same for larger than a range. Isn't >1-2 m the same as >2, essentially? Or do you mean something like
greater-than above similar or equal to 2 m? (e.g. £, =, £)?

New P16 L33

True. We changed it to >1m yr-!

P21L16-17

"As a result length and area changes have been comparably small given the high mass loss".

New P16 L35

Thanks for the suggestion! Sentence changed to : ”... which might explain the relatively small length
and area changes given the high overall mass loss (Figs).”

P21126
"surfacing of debris"
During the revision, this statement has been incorporated in other sentences.

P22L17

We always refer to these cavities as voids, as peri.a. [Benn et al., 2012]
New P19 L41

We changed ‘cavities’ to voids as suggested.

P24L26

"A sample" is not very specific. Also why suddenly this new analysis, which does not really provide any
novel insights, at the end of the discussion?

New P17, chapter 5.4

26



We have restructured the discussion such that the overview is clear and the sections are linked to
respective main messages. This analysis clearly yields that debris-free and debris-covered glaciers can be
separated based on elevation change patterns, and that Zmuttgletscher can clearly be grouped to the
latter. We have re-structured the discussion to put this analysis in a better position to be used for
argumentation.

The y-axis of the figure shows only elevation bins and no absolute numbers because the absolute
elevation was normalised for comparison. This is necessary to account for the different elevation ranges
of the glaciers. To make this clear we will change the axis caption from ‘Elevation class’ to ‘Normalised
elevation class’.

We also prefer to keep this figure in the discussion since this is the place where we conclude the effect of
debris cover. Additionally, this is not a real ‘analysis’ per se: we have simply used existing DTM data
(prepared by Fischer et al. 2015) and plotted it in a comparable way for a selection of glaciers. Thus it
would not really fit into the ‘results’ chapter, and doing so would also lead to additional repetition, which
we tried to avoid as much as possible in the revised manuscript.

P24L29
Remove "than higher up"
Done.

P25 Fig 17

I think you could do without this analysis and this figure. If you decide to keep it, at least indicate the
actual elevation instead of class number.

See comment above. The data was normalised, so we can only adjust the axis title, not use actual
elevations.

P25L9

Swiss glacier's mass balance -> Swiss glaciers
Sentence removed.

P25L15-17
per year is missing from the units here
Thank you! Attended.

P25L23
remove today
Done.

P25L32

contributary cause -> contributes to
Done.

P26L1-...

| found the sudden use of procent points a bit strange in this section. Points are a bit irrelevant as they do
not show whether something changed from for example no debris to 30% debris, or from 60% to 90%.
Surely the actual increases are presented in the original papers?

New P17 chapter 5.3

We chose the percentage points because it is easier to compare numbers and the reader doesn’t need to
calculate, because otherwise it would be necessary to present the debris cover share both at the start and
the end of the period. We have now strongly cut down this section, incorporated it into a separate
chapter about debris cover changes, and at the same time included the missing information about the
absolute debris cover from other studies, which covers a broad range: “These studies found debris cover
increases of 2-10 percentage points with a broad range of absolute debris cover from 2-42%.”

In case you're interested in the absolute numbers, here are the debris cover changes from studies:
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Kellerer-Pirklbauer 2008: 5.4-7.3%, 1964-2000

Stokes al 2007: different glaciers, Djankuat: 6-9%, others from 3-7%, 2-7%, 15-17%, 26-30%, 1985-2000
Bolch al 2008: 39-42%, 1962-2005

Bhambri al 2011: 21-26%, 1968-2006
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Switzerland,—since—the—end—of the Little lce—AgeUravelling the
evolution of Zmuttgletscher and its debris cover since thensl of the
Little Ice Age

Nico Mélg', Tobias Bolch', AndreasViefl; Andrea Waltel, Fobias-BolehAndreas Vielt

'Department of Geography, University of Zuri@)57 Zurich-8057 Switzerland
* now at: School of Geography and Sustainable Dmpraent, University of St Andrews, St Andrews, KY4A, Scotland,
UK

Correspondence to: Nico M6lg (nico.moelg@geo.uzh.ch)

Abstract. Debris-covered glaciersften- generallyexhibit large, flatgently-sloping slow-flowing tongues.At present,
Mmany of these glaciers show high thinning ratesay-despite thick debris cover. Due tiee lack of observations, most
existing studies have neglected the dynamic intiena between debris cover and glacier evolution overgés time

periods. The main aim of this study is to revéa-suchinteractiors by reconstructing changes of debris cover, glacier

geometry, flow velocities, and surface featureZwfuttgletscher (Switzerland), based on historic spaatellite images,
aerial photographs, and field observations. We sthawdebris cover extent has increased from ~X8%32% of the total
glacier surface since 185@ith decadaland thatodaythe debris is sufficiently thick to reduce ablaticompared to bare
ice over much of the ablation area. Despite theisielover theglacier-wide mass balanee-velumetofZmuttgletscher is

comparable to that of debris-free glaciers locatesimilar settingswhereas changes in length and area have beenadall
delayedin comparison. Increased ice mass input in the 4@n@l 1980s resulted in a temporary velocity iregeahich led
to a local decrease in debris cover extent, a limgeof the uppemargin- boundaryof the ice-cliff zone, and a strong

reductionef-in ice-cliff_area, indicating a dynamic link between flow véies, debris cover, and surface morphologys

Since=200L5, the lowemostst=1.5 kmof the glacier have beenaguasi-stagnantlespite a slight increase in surface slope

of the glacier tongue. We conclude tha long-term glacier-wide mass balance is maiolyegned by climate. fie debris

cover governs thepatialpattern ofvelume-loss elevation changdthout changing itglacier-widemagnitude, whicls-due
te-we explain bythe large- extende@blation area andtreng the enhancetiinning in regions with thin debris further up-
glacier and inhe-regions-of areas with abundamgltwater channels and ice cliffs. At the same tilsig temperatures lead

to increasing debris cover and decreasing glagieambics, therebglowing-doewnattenuatinkgngth and area losses.

1 Motivation and Oabjectives

Debris-covered glaciers have been observed to shdelayed adjustment of their length to climatiarres (e.g. Ogilvie,
1904; Scherler et al., 201Banerjee and Shankar, 2013). This behaviour camxpiained by melt reduction due to
insulation by the debris layer, which commonly &ases in thickness towards the terminus (OstreB9;19akawo et al.,
1986; Nicholson and Benn, 2008nderson and Anderson, 2018), and is expected sbndily prolong the glacier's
response time (J6hannesson et al., 198%emeregionsSeveral studies showed debris-covered glaciers exhibit similar
thinning ratesef-velume-changes-asttebris-free glaciers the Himalayage.g. Kaab et al., 2012; Gardelle et al., 2012;
Nuimura et al., 2012)Explanations pfoposedreasondor this behaviourre:includethe emergence of surface features
typical-for-debris-covered-glacierswith exposed iced.g.ice cliffs, water flow channelsgrdponds),stronger_enhanced

thinning further up-glacier that compensates ferdebris-induced melt reduction, reduced massffibm the accumulation

areas and decreasing emergence velocities atrigagpand englacial ablation with subsequeat collapsingef-the-glacier
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surface(e.q.Pellicciotti et al., 2015Vincent et al., 201.6{\Vincent-et-al;2016)Ragettli et al., 2016; Banerjee, 2017; Brun et
al., 2018. {Brun-et-al—2018))ce cliffs and ponds can enhance ablation in commparto debris-covered surfaces and even
debris-free ice and are common features on debrisred glacier tongues (Benn et al., 2012; Brual.e016). Especially
during periods of negative mass balance, the ddecieg increasef-in debris-cover thickness reduces ablation through its
insulating effect and can lead to a lower — andnenaversed — mass balance gradient (Nakawo e1%09; Benn and
Lehmkuhl, 2000; Benn et al., 2012; Ragettli et20.16; Rounce et al., 201&)ver time, this reduction in ablation can lead
to a decrease in surface slope and, consequemiyndl stress andOvertime—the—surface—slope—ef-glaciertongue
ice flow velocity (Kaab, 2005; Bolch et al.,
2008b; Quincey et al., 2009; Jouvet et al., 201dwah et al., 2015Dehecq et al., 2019). Furthermore, with an incréase

equilibrium line altitude (ELA) the englacial debnnelts outasterearlier leading to an extended debris cover further up-
glacier (Benn et al., 201Kirkbride and Deline, 2013; Carturan et al., 20183. aresultconsequence of reduced ablation
and driving stressstronghy heavilydebris-covered glaciers often have lofigigently-sloping anellow-lying tongues with
low flow velocities or even stagnant passtheirtonguegBenn et al., 2012). Current reseamh many debris-covered
glaciers is mostly focussed en-investigates-theliredprocesses;e.such aablationunder-abeneath ttdebris cover and in
areas of ice cliffs and pondslala&eﬁandhlnnmgatof%heglauer tongua surface flow velocities, achangesf-in debris

cover over timge

¥e.g. Hambrey et
al., 2008; Bolch et al., 2012; Benn et al., 2012bbal et al., 2013; Ragettli et al., 20F&llicciotti et al., 2015Gibson et

al., 2017); A few semestudies have started #se integrat¢he existingunderstanding and interactions-knewledge-abeut the
mutdakinfluencef some of these processe® numericalr modek for theevolution of suctglaciers-develepmeniJouvet

et al., 2011; Rowan et al., 2015; Anderson and Asate 2016; Banerjee, 2017).

However, most studies face difficulties leadingp@rsistent shortcomings in our understanding of dbeelopment of
debris-covered glaciergi) t:-time series are oftetoo shortto inform on the full-and-with-afew decades-wealldw-the
expectedresponse time of larger glacigrg(ii) investigations are often local because repeateglswide data are sparse,
especially for longer perioggiii) by consideringonly one or few variablesre-censidereand-thughe mutual influences of
e.g. changing debris cover and glacier geometrynatabe assessed(iv) studies at glacier-scale over more than a decade
have mostly been conducted in the Himalaya (e.¢ctBet al., 2008b; Ragettli et al., 2016; Lamsadlgt2017).

To better understand how a changing debris covectafglacier geometry, flow velocities, and sueféeatures, and how it

is in turn affected by these variables, it is neaegto consider thieng-termdevelopment of glaciers beyond their potential
response times. Few studies have investigatedethpdral evolution of debris cover on glaciers (oiew in Kirkbride and
Deline, 2013), or the evolution of debris-coveréatigers over time (e.g. Agata & Zanutta 2007; Gatpdl., 2016)--Several
studies observed an increasef debris cover on glaciers during negative massnbalgeriods €.g. Bolch et al., 2008a
Quincey and Glasser, 200Rirkbride and Deline, 201)3-Quincey-and-Glasser—2009;-Belch-et-al;—200Begause of the
overall negative mass balance trend, glaciers atevell be increasingly affected by debris cover.id important to

understanchow-the magnitude dhis increaseand how itaffects the geometry and dynamics of the glaciersrder to

simulate their future development (Jouvet et &1,12 Anderson and Anderson, 2016).

woerldwide-that-underge-generalretrelbarge debris-coveredylaciers in the Himalaya and Karakoramwhich-are-in-the
centre-of-attention-due-to-their-impertancare not ideal candidates for long-term investigatidue tdheir long response

times (>50 years) and data scarcity before the 4960 contrast, the long history of length monitgrias well as the
availability of topographic maps and aerial phofaem the mid-18 century onwards makglaciers in the Alps and
especially in Switzerland-Swiss—glaciarell suitedsitesto study long-term developmenttin Switzerland, e earliest

maps (1850s, 1870s) already include debris syméots contour lines, and stereo imagery throughoet28' century

allows for detailed 3D surface investigations.
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In this study we aim to understand the long-terrongetric evolution and dynamics of debris-coveredcigrs at-the
examplethrough the studf Zmuttgletscher in the Swiss Alps. This mediuzed valley glacier has been going through the
transition from a mostly debris-free glacier in tage 1850s to one that is almost completely detwigered in its ablation
area today WWe quantify the evolution of geometry (length, amlayation, slope), mass balanfieyw, and debris cover at

a high spatial and temporal resolution since trieadrthe Little Ice Age (LIA) around 1850. We u$ese data to investigate
therelation-andhteractions between geometry evolution, ice flawg debrisevecover and the related driver@/e further

analyse the occurrence of ice cliffs and their fotethe long-term glacier evolution.

2 Study Sdte
Zmuttgletscher (45°59'N, 7°37’E) is located in theuthern end of the Mattertal in the western Swigs and ranges from

~2240 m to ~4150 m a.s.l. It is surrounded by theftéthorn (4478 m) and the Dent d’'Hérens (4174arihe south, the
Dent Blanche (4357 m) to the north, and high rid¢ssove 3400 m) in betweefrigure 1. In 2016, the glacier had a

surface area of 15.74 km? and was substantiallyistebvered in its ablation area. The debris maoriginates from the

surrounding rock walls.

Zmuttgletscher is located in a relatively dry reg@t the main divide of the Alps, thus it receiyescipitation from both

northern and southern weather situations. There@irect measurements at higher elevations, logleinestimates suggest

values between 800-1500 mrividteoSwiss, 2014 Glaciological mass balance measurements at ¢aeby debris-free

Findelgletscher (15 km distant) suggest end-of-evitccumulation around 0.8-1.5 m water equivalené.j Sold et al.,

2016. However, at Zmuttgletscher, avalanching addallyncontributes to accumulation. When includingniributing rock

walls and lateral moraines, the total area avadldbt accumulation is up to 22 km?2 (restricted teas >30° slope angle,

Figure 1.
Zmuttgletscher is a system of several independethtcannected tributariefigure ). The major accumulation area in the

south — Tiefmattengletscher (TMG) — reaches almpsto the summit of Dent d’'Hérens. The western acdation area —

Stockjigletscher (STG) — is a relatively flat arehove two distinct ice falls between Téte BlancB&10 m), Stockji
(3092 m), and Wandfluehorn (3588 m). Schénbielghets (SBG) is a tributary from the north reachimgta ~3400 m,

below the Dent Blanche summit wall. The upper mdrfTMG is completely surrounded by rock walls, imiihg the
>1000 m high Dent d’'Hérens north wall and the almid®0 m high Matterhorn west face. At the endhef LIA, the main
glacier tongue was nourished from all of these amdation areas. Today, it is mainly fed by ice friG and to a minor
degree from STG. Around 2010 the central, almobtiddree G branch (between point 2095 and Stockji) detadtwd

the main tongue. Because STG is lacking high roakswn its accumulation area, it does not delisigbstantial amounts of

debris down to the ablation area. In contrast, ribatively low-lying SBG receives a lot of accuntida through

avalanching from the surrounding rock walls andseguently exhibits a continuous debris cover evmve the ice fall at

~2900 m.

{Gouffon and Bucher, 2003
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Figure 1: a): Geographical location. b): Zmuttgletsher, and-its topographical setting and different tributaries: SBG =
Schonbielgletscher, STG = Stockjigletscher, TMG = Tiefimattengletscher. Background imagesatelite-orthomosaic from aerial
5| imagery by Swisstopo from 2013 (Swisstopo, 2010). &ke-Gdacier hypsographyin the year{2010.
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43 Data andMmethods

TFhe-analysis—of-this—study-was-based-on-input-framénalysis are based -on-several-seurtgzographical maps; - - {
airplane-based and UAV-based aerial imagesd—{(Fable—1)satellite imagegTable 1, in addition tovarious field
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observations, and long-terair temperature measurements. The use afettiata is discussed in the respective sections

below. Areal images were available from (i) post-war mappflights by the American military, (ii) nationdlight

campaigns for topographic map production, (iii)@fie flight campaigns for glacier monitoring puges conducted by

Swisstopo, (iv)fixed-wing UAV flights (using a SenseFly eBee ClasSenseFly SAin 2016 and 2017, and (v)

Pléiades tri-stereo images from 2017.

Table 1 : Topographic maps, satellite and aerial imags used in tkis study. Abbreviations: DTM = digital terrain model, OP =
orthophoto, obl. aer. = oblique aerial, Plé. = Pléides. Entries denoted with * are used as a final pduct. All data except 1894, 2016
and 2017are from Swisstopo (2018b)Obligue pPhotos from 1894wastaken by Reid (1894).

Used for

Date Product | Source :I:ngue Geod. MB E:‘I/);s Velocity Xﬁtr::::alin- fzsa;:ﬁ:.ion (m),
ty (m) DTM / OP

1859 Map Dufour map X Hand-drawn
187980 zg‘;’ Siegfried map x X X -7 Hand-%;\:«nl]
1894 | Photo* ﬁr?otiggfe aer. x
1930 Photo* :) r:)obtl:)(*que aer. Photo usien(: efl?prrzl:;ft?g;features
1946 DTM, OP | Aerial Stereo X X X X 5 8/0.5
1961 DTM, OP | Aerial Stereo X X X 1 2/0.5
1977 DTM, OP | Aerial Stereo X X X X 1 4/0.4
1983 DTM, OP | Aerial Stereo X X X 1.42 2/0.15
1988 DTM, OP | Aerial Stereo X X X X 1.19 570.35
1995 DTM, OP | Aerial Stereo X X X 0.77 1/0.15
2001 DTM, OP | Aerial Stereo X X X X 1.39 1/0.35
2005 DTM, OP | Aerial Stereo X X X 0.88 2/0.5
2005 oP* Aerial Stereo* X -/0.25
2007 oP* Aerial Stereo* X -/0.25
2010 |90 | Aerial Stereo* X x x X 2 2/0.25
2013 oP* Aerial Stereo* X -/0.25
09/2016 | DTM, OP | UAV stereo X X 1.24 0.5/0.25
[OF2017 1 pTM, OP | UAV stereo x x 1.13 0.5/0.25
|23?e17 DTM Satellite Stereo X X 0.81 1/-

4.13.1 Generation of digital terrain models OTM s) and orthophotos-generatien

Glacier surface information was extracted from estggphotogrammetric DTMs generated from aerial irsaged the

—Aerial

T

Formatted: Normal, Space After: 0
pt, No bullets or numbering




10

15

20

25

30

35

40

s To obtain a DTM representing the glacier tonguel&79 the Siegfried map from 1888wisstopo, 2018awas

georeferenced using ground control points (GCPsps&quently, the contour lines were semi-automtichgitized by

separating the differently coloured (blue = on-gdadorown = off-glacier) contour lines from ott®mbols (Siedler, 2011).

Their _elevation information was extracted and iptdsited using ArcGIS™ Topo-to-Raster tool. The paih origin for

elevation measurements, situated at the shore kad Geneva, changed in the 1930s from 376.2 m to63M3(Swisstopo,

2018b) and the elevations derived from the Siedfniap were corrected accordingly.
The The-time-series-@TMs from 1946 to 2017 (apart from 2010 and thedelés DTMfrom 2017) waserecreated with

photogrammetric methods using Structure-from-MosoftwarepackagegAgisoft LLC, 2016; Pix4D, 20 = { Formatted: German (Switzerland)

Boleh2017).For each dateBuring-thispreceagoint cloud was produced from the available nunddénput images (4- B ‘[ Formatted: German (Switzerland)

29) and was then georeferenced using a set of XBEIBs, i.e. reference points in the images thaddoe referred to points ‘[ Formatted: German (Switzerland)

on stable ground, taken from Swissimage 2013. Thality of the DTMs is comparable to DTMs from trtoinal

photogrammetric software (cMolg and Bolch, 2011 The-quality-of the-DTMs-is-comparable-to-DTMsrr-traditional
photogrammetric-softwardolg and Bolch, 201jZ Their uncertaintyn elevation- definedoyasthe standard deviation over
stable terrain around the glacier tongue — mos#ly Within 2 m depending on the resolution of tleeia images, their

number and image quality factors (somewhat higldéres were obtained for the DTMs from 1879 and 194ble 1). The
uncertainties were derived for terrain with compégasteepness to the glacier surface (<30°) andssemed constant in
space, although DTM quality decreases in steepsafed. rock wallssurrounding-the—glacier The DTM from 2010
(SwissAlti3D) was taken as a final product from Sstopo and had also been produced from aerialostergges; it has a
nominal resolutiorsf-2-m-and a vertical accuracy of 2 m (Swisstopo 2018)ddition, we generated a glacier-wide DTM
for 2017 (spatial resolution 1 mjsing Pléiades tri- steredjlgh -resolution satellite imagerfrom-Centre-national-d'études
was—produdeased on photogrammetric

principles using PCI Geomatica (Geomatica 2016). D'Ms were co-registered before further analysysusing the

analytical approach by Nuth and K&aab (2011), foddvby a second-order trend surface correctionimoirgdte remaining
elevation differences (Pieczonka et al., 2013).
Orthophotos were generated by rectification of #tereo images using the respective DThese—images—were

4-23.2 Glacier area and length

Glacier area waswereextracted measureffom the Dufour map (1859), the Siegfried map ()87%hd all available
orthophotosfrom this study and from Swisstop@005, 2007, 2010, 2013Swisstopo, 2010Table 1) by manual

digitizationing The Dufour map (map sheet 22, section 8, num88) ##om 1859s-wasthe first map containing elevation
information (in the form of contour lines) and distes acquired with modern methods (Wolf, 1879f,Q1896; Rastner et
al.,, 2016). The extent of the glacier and the sylpcial debris could be extracted from the map, ree its elevation
information was disregarded due to strong, nonalinborizontal distortionsthe-Siegfried-map-in-1880-was—a-follew-up,
WQ—W—WM%W&WSWISSIODO 201aalh&mapwa&geerete¢enee¢usmgug¥ound
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v - Shrey to
the-main-glacier-throughroughly-regularice-falentsThis time series of maps and orthophotesulted in a glacier area
information valudor eachcorrespondinglate since 1859. The mapping qualite@nmenly ofterlower in debris-covered
compared to debris-free areas (Paul et al., 2@L8)the high resolution of the images alimvcorrect interpretation -efs-for
correctly-interpretinghe glacier margin. The glacier boundary in theuatulation areafSTG-to-Glacierde-Ferpécle-and
Haut-Glacier-de-Tsa-de-Tsanto the WWawas taken from the 2010 ice divide and was képble constanbver time.The

hanging glaciers at the north face of Dent d’'Héreamge been included in the glacier area, since toeribute mass to the

main glacier through frequent ice avalanches.

Front variation measurements were conducted bygubim glacier outlines for each date. Along thefioat — perpendicular

to the flow — the change was measured at distasfc#80 m and then averaged (Koblet et al., 201Griri et al., 2012).
For the comparison to other glaciers we used GLAM@®th variations (GLAMOS, 2018), which were acqdiin the
field with the same concept of several parallel sneements, equidistant by 50 m. At ZmuttgletscheL,AMOS
measurements havegularly been conductedimost-annually—frem betweetB892 until-and 1997, but with serious data
issues before 1946.an-additional-data—point-wasaddr 2010 TThe GLAMOS data for Zmuttgletscher since 1946 are
almost identical to our own relative length chaneeord (Figure S1) and are therefore not furthedu3o preperlyinterpret

the observedength changeinfermation and the potential influence by deloeser we compared the variations from our
measurements to thmes-byGLAMOS; data of-and ten other-finally-compared-lengthatmns-over-time-from-various

Swiss glaciers.

The uncertainty of both area and length resultseatienated to lie within %, pixel (Table 1 along the glacier boundary or
at the start and end of the length profile (Halhlet 2003; Granshaw and G. Fountain, 2006; Botcil.e2010; Bajracharya
et al,, 2015). For the calculation of the changbs, uncertainties of the two respective dates arabined by error

propagation, analogue to the mass balance datagtll, 2003Zemp et al., 2013).

4.33.3 Debris cover, on-site ablation and on-siteir_temperature

Debris cover exterfior the orthophotos and historic mapas manually digitizedising-the-erthophetos—as-well-as-the- two
istoric-maps-which-already contain-a-debris-cayenbol(Figure 2a-andb). Further-the debris-extent of the Siegfried-map

coever-The debris extent of the Siegfried map (1879) wessfied using two photographs taken in 18%g@re Z). This

information was valuable to limit the debris extemtand up-glacier of the confluence of TMG and SB®@ich was the

region of the strongest changdsigure 2l). Be
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Figure 2: Example of mapped debris cover on (a) Dufo map, 1859, and (b) Siegfried map, 187%®anel(): showsparts of the
tongue in 1894 in direction South-West (Reid, 1894 ational Snow and Ice Data Center, 2002, updated25). d: similar extent as
in c) in 2013(Swisstopo, 201D

We-undertook aBlation wasmeasurdmentsat several sevepoints on the glacier tongy€igure 2 during summer 201%
better understand the influence of debris on mad & complement the longer-term information orvat®n changesfor
setting-the-elevation-change-observations-intoesdnThese point measurememtgertwo-yearsvere conducted on bare ice
and on surfaces with variable debris thickngsslevations between 2300 m and 2600simgtwo metre londPVC stakes
of 2-m-lengththat were connected by zip ties and drilled inte tbe. Debris cover was removed for the drillingl an
repositioned after inserting the stakes.dBo a rough estimate of ablation on ice cliffsustmErd-the-effect-of the-ice—€liffs
on-ablatien the horizontal backwasting of a south-facing angh-facing ice cliff was measured using horiztiptalaced

insertedablation stakesFhe- All stakes were measured in intervals of several weeks the course of theummer2017
ablation seasoen;-typically-from-end-of June-to-@aleber

Debris thicknessfermation data-was werepllected in the fieldy manual excavatioalongand in between-several three
transectseross perpendicular the glacietongue flow direction in September 2037 with-adsiiil-single-measurements in
between-by-manual-diggi(for transect locations see Figure 1; resultsmfertransect see Figureg)/- EEach data point

represents the average of three measurements shrh and the standard deviation is used as uncertaiegsureFor

debris thicknesses above 20 cm only one measuremasniaken.

Homogenised time series afr temperature measurements by MeteoSwiss (Fullemarai.,e2011) were used tput

interpretthe obseredations-into-context glacier evolutiofhe selected climate tions had to bescloseto the study site
as possiblglie at similar elevations, antbver a long perigeand-be-situated-at-the-elevation-of-the-glaeiegéie Since no
single station fulfilled all requirements, we ugéd -threestationsto-cever-these-eriterian Sion—Zermatt,(484 m, ~35 km)
and Col du Grand St. Bernaf@472 m, ~40 km)

3.4 Surface flow velocities

Surface flow velocities provide important infornmati about the glaciers’ dynamical state and its gbhaover time.

Automatic feature tracking methods were not feasfbl imagery acquired before 2005 because the diiffierences and,

thus, displacements of the features were too Higrdfore we manually tracked boulders to infer fiemlocities along the

debris-covered part of TMG as well as on the lodedoris-covered part of SBG. The tongue was dividesfour main and

eleven sub-sections according to differences iradyo state and ice flow units (Figu8® The individual measurements

were averaged for every time period and sub-sedticmchieve a comprehensive picture of the dynasthanges. For the
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periods 2005-2007 and 2016-2017 we extracted flelooity fields using the feature tracking moduleQMRR in SAGA
GIS (Fahnestock et al., 1998cambos et al., 199Zonrad et al., 2025 The results were filtered using a visually deéin

threshold of correlation quality. Outliers were mally removed, e.g. in the area of strong ice-dlifinge or pro-glacial

water surfaces.

(GPRI) developed by GAMMAWerner et al., 2008 The GPRI was installed on a hill about 3 km avieyn today’s

terminus Figure ). Measurements were acquired every minute fordays with a final range resolution of 3.75 m and an

azimuth resolution of 7 m at a slant range of 1 Kime interferograms were determined with a standamdkflow following

Caduff et al(2015)using the Gamma software, were stacked over aomiraf 8 hours to reduce noise, and were afterwards

unwrapped using a stationary point on the grouhe dhwrapped phases were then converted to liségbf-displacements

according tdNerner et al(2008) whereby negative velocities were considered tadige and filtered out. The results were

georeferenced by rotating the displacement maeso imatch with the DEM25isstopo, 2006 Afterwards, the data was

resampled into the new grid using nearest neighbuarpolation. To assess the uncertainties inviiecities we looked at

the difference from zero in measured displaceméritOostationary points. This results in an uncettaiof the stacked

velocity maps of £0.03 m/day.

4.43.5 Surface features

Ice cliffs, exposed ice at supraglacial nwedter flow—channelsfrom—supraglacial-melt-streams—with—exposed, iand
supraglacialakesw were extracted in a semi-automatic process usingbgct-based approach with Trimble eCognition
(eCognition Essentials 1.3, 2016¥. Kraaijenbrink et al(2016). The -Fherespectivedtation and areaf these surface

featureswas determined on all orthophotos from 1946 to 204 ®rimary segmentation divides the image intoygohs

based on pixel intensity and image texture. Idésctiften consist of a lower, steeper section athee, and a flatter section
of ice covered with sand and pebble-sized debriciEs in the upper part, where the maximum safagle seems to define
the slope of pole-facing cliffs (Sakai et al., 20®iri et al., 2016). These changing slope area® wéten separated by

segmentation, and were in a second step manuéddigtsé and combined into one polygon per ice cliffake.Supraglacial

channels cover only small areas and are thus incaigd into the term ‘ice cliffs~Using-the-apprbaabove—waterflow

The described approach is effort efficient and Bssa low uncertainty level, which is in the ordétY2 pixel.

In order to assess th@portance potential influencaf expesedee areascliffswith-respeetto osurface elevation change,
we investigated thie changesn area-at-the-lower-section-of tine glacier tonguever-timefor different time period#

35 m buffer was generated around éxgesedee-cliff polygon for both date 1 and date 2, and the oppitey area of these
two buffer zones defined the categoryeepesedce-cliff areas. For each period the average surface elawdiange in this

category was compared to the surface elevationgehanthe rest of the tongue (yellow area in Fig)re

10
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4.63.6 Surface elevation changes and geodetic mass balance

The time series of surface elevation chadgeover the glacier tongue was restricted to the apgihg area of all available

DTMs-{except-the-moraine-derived-LIA-DTMirom 1879 to 2017 (11 dates)pd whichreaches up to ~2750 m a.s.l. and
covers>50% of today’s ablation area of TMG as well asltweest parts of STG and SBG~20%-of today s-tdedigrarea

The surface elevation change maps were generatetheestigated for each individual period as wslffar the entire time

span.A glacier’s elevation change gradient is typicatiglined towards lower elevations, whereas thelatin effect of a

continuous debris layer can reverse this gradiBotestimate, whether such an effect can be disdeah&muttgletscher

over time, we analysed the average elevation chah§6 m elevation bins (starting from 2125+25 mta@675+25 m) for

seven periods since 1878he

Glacier-wide-Geodetic mass balanasstimateswvaserecalculatedfer—periodsbetween datefor which where-theDTMs
coveredmest largeparts of the glacier surface (1879, 1946, 1977819601, 2010, 2017)n areas of data voids or artefacts

in the DTM, especially in higher elevatio vered,
especially-in-higherelevations—ano surface elevation change values could be caémihere In order to reduce the
sensitivity to data voids and outliers, 100 m eleva bins (starting from 2100 m) were used for #ievation change

calculation. In elevation bins without DTM coveradfee average of three extrapolation methods wed as the final mass

balance value. The following three methods werel tgéill the data voidsThese-missing-values-wihedfusing-arange-of
metheds (1) a linear relationship between elevation aleyaion change (e.g. Kohler et al., 2007; Ka&a)&0 which is

based on the strong respective correlation up t0R3); (2) using the same relationship but additionatting the
elevation change values to 0 when they becomeiy®dit the highest elevations; (3) using the mdamation change value
of the uppermost elevations that contain data gpdlyeng it to the glacierised area abomependenpehtheumethod The

area-weighted average elevation change of all Wass+

reachto calculatthe average elevation change of the total glatigiace. We assumed an average density of 850 g/ék

({Sapiano et al., 19981uss, 2013) to convetite volume to mass changes.

4613.6.1 Uncertainties

The total uncertainty of the surface elevationneates and the mass balance consists (i) the accuracy of the individual
DTMs, (ii) the filling of the empty elevation zon€di) the glacier volume densitghanges-and-density-cenversi@in) the

debris volume changes, and (v) the DTM co- reglsmaﬂce densny changes are on average assun‘mlneghglble over a
longer time spa#fHuss, 201;3 but we—
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(2013).Debris volume changes were not accounted for becafusck of such data, but they would have a gédge effect

on the total uncertainty in volume change-B

the filling of the elevation zones is taken inteé@ant as the standard deviation between the tatabrbalance after applying
the three different interpolation methods;|. This uncertainty measure was combined with theertainties of the two
DTMs framing the respective periodpfyw; and oprve, Standard deviation over stable terrain) to beduse the total
uncertainty for the resulting mass balance by a@pglthe law of error propagation (eldall et al., 2003Zemp et al., 2013)

and hence given by

R 2 2 2
Ototal = \/"Drm + Oprmz T Ffi t Gfuaens

M
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4.1  Geodetic mass balance

Zmuttgletscher’s long-term mass balance from 1872017 has been negative at -0.31+0.03 m w.(Fable2). The mass

balance was least negative between 1879 and 1946réf3a). Also during the climatically favourable periodthe 1970s

and 1980s Zmuttgletscher yielded a relatively snradbs loss, even below the Swiss-wide mean. Betd@8én and 1988

the glacier-wide mass balance stayed negative7+0.28 m w.e. yt), although certain areas on the tongue showed an

increase in elevatiorFigure 1@, d, e). After 1988, the mass balance became memetive again, even though the lowest
areas on the tongue still showed stable or evenreasing surface elevatiofigure 10). The negative trend continuously
intensified and after 2001 Zmuttgletscher's madarz® has become more negative than the Swissmede (Table?).

Table 2: Glacier-wide surface elevation changes and geodeimass balance of Zmuttgletscher.

Annual mass Annual elevation
Period balance (m w.e.) | changes (m)
1879-1946 -0.09+0.12 -0.1+0.13
1946-1977 -0.67+0.16 -0.79+0.17
1977-1988 -0.27+0.18 -0.32:0.21
1988-2001 -0.47+0.17 -0.550.2
2001-2010 -0.98+0.20 -1.15+0.18
2010-2017 -0.82+0.16 -0.96+0.18
1879-2017 -0.31+0.03 -0.34:0.05
0.5
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Figure 3: a: Geodetic mass balance of Zmuttgletscher and Filelgletscher (data fromRastner et al., 201% in comparison to all

Swiss glaciers. Mass balance data from WGMS (201%: Evolution of air temperature anomaly (T.anom.) atthe climate stations
Col du Grand St. Bernard (black line, 2472 m, ~40 kinand Sion (blue lines, 484 m, ~35 km). Note thaté Sion climate station was
slightly repositioned in the 1960s (dashed vs. solblue). The air temperature data was smoothed with five-year running mean.

5.14.2 Glacier area and length changes

= {Formatted: Superscript

{ Formatted: Superscript
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2001, parts ofthe glacier terminus stagnated or even slightlyaaded. Between 2001 and 2005 Zmuttgletscher aateter
its retreat reachingl9+0.15 miyr yr’, and slightlyslewed-downdeceleratesinee 20050 -12.1+0.06 miyr yr after 2005

The total glacier area decreased from 2@ 34 km2 in 1859 to 154/+0.027 km2 in 20%6 (Figure 5). Similar to the length
change, the area decreased only slightly betwe& Bid 2001 (-0.0%0.006 kmay yr'), after which the loss rate

= { Formatted: Not Highlight

b) Length change  Area change
0 1946-2010: 1970s-2010s:
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_ (m) [ (m/yr) (km2) | (%)
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Figure 4: a)—Cumulative length change of Zmuttgletscher with daa points (ertical red eressesline} from this study, and a
nAumberofseveral other Swiss glaciers (GLAMOS, 2018). Zmuttgletscheshows a relatively modest retreat while other debs-
covered gIamers - Unteraargletscher and GIaC|er dElnaI — have retreated more raprdly b)—eeng{hanekare&ehangesqfepa

éMeHepeLal—LQl@—PaeH—Z@@zl)For aeempletellst of annuaLtotal Ienqth and area chanqes%#ea%ra&wee Flgure Sl

5.24.3 Debris cover
5214.3.1 Debris cover evolution

At the end of the LIA 2.75+0.2 km? of Zmuttgletsch&as debris-covered (~12.9% of the entire glaciera), which
increased to 5.03+0.01 km2 in 2013. During thiseti#

anthié total glacier area
hasdecreased from21.24+0.4km? t0<165.82+0.3km?, resulting ir81.8+0.06% of the glacier area being debris-covered

2013the-debris-covering~33%-of the total glacreadoday(Figure 5).
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Figure 5: Evolution of total glacier area, debris-overed glacier area, and the share of the debris-cered glacier areasf-the-total

glacierarea

Generally, the debris cover extent has expandeglagier inTMG and SBGall-parts-of-the-glacierhe extension wasery
pronounced along the surface of SBG and in therglepart of the main glacier tongue (Figure 6)bbth areas the debris
extenthas expanded to above the ice fall into the forammrumulation areas and starts now close tofdbé of the
contributing rock walls of Dent d’Héren§TMG) and Dent Blanche (SBG)The debrisextent also—eever—grew
stronglystrongly expande@lso-at the glacier margins below Stockji, due to furtheput from moraines and the
disconnection of contributing tributayies By 2010, the ice fall at STG had thinned sufficherib disconnect and expose
the rock wall beneath, from which a small rock fiétached between 2010 and 20Egj¢re §Below-the-icefallef STG; a

of-approx—170x300-nThis debris moundovered an area of approx. 170x300 m ismibwbeingslowly transported down-
glacierand—whilespreading lateraligue-to-preferential-ablation-and-fiuviak-transport
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Figure 6: Current extent of debris cover and its ewlution since 1859 (the end of the LIA)-{1850s)together with the glacier
outlines for LIA and 2016. Even though the glacier haretreated in the debris-covered region, debris e@rs more and more of the
total glacier area.

52.24.3.2 Debris cover characteristics

Field investigations reveadl a homogeneous debris cover in some regions ssigierficialstone sizeg the top-most layer
mainly between 10 and 30 am diameter, and much more heterogeneodsbris covein other regions, with pebble-sized
stones tanetre-scaldoulders(Figure S4)-inthe-metre-seale i} mostregions-the-debrisconsists-of- more-thatmyer
{i-e—stones-lie-on-top-of-each-other). The typbze layer of the debris-tr-such-cases considisesfjrained material (sand
and even silt), and is overlain by a few centimetrbpebbles- ilt)

a dire /—opn—the a ollowed b awy enting la

afthe thickness of
the debris layer alonghe-eachtransect varigs from below 5 cm to over 70 cm. The thickest are@se found on the

elongated ridge, especially on the steep, soutblepe (Figure 7aransect length 400-500)nThe average thickness along

theuppertransect was 16:8w+1.3 cm.
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Figure 7: a): Debris thickness along theupper transect indicated-in-(Figure-1Figure 1); i = = )
Uncertainty bars represent the standard dewatlon bthree measurements per location for depths <20 cmb): Ablatlon

gy of seven stakes over the time period 05.07.-22.@817
&%@Iocatlonsare—md}eated—m—sed:lgure 1). For comparlsonm—dashed—g;eﬁhe curves of Rakhiot Glacier, Barpu Glacier,
Kaskawalsh Glacier, and Isfallgiflaciae&en (figure-adapted from Mattson et al., 1993).

Ablation measurements from seven locations and sseeral-periodsfrom-August-2016-to-October2018a13 weeks
period in summer 201ghow an ‘Ostrem-like' behaviour with respect tdoiie thickness (Figure 7b). Thesesults—from
stakes-at-elevations-between-2300-m-and-2600 nmtdicate that melt is strongly dependent on detfiskness andnuch

less on elevation. Compared to the reference s1ai@606 m on debris-free ice, field measurementsummer 2017+

weeks)showed a reduction of ~15% and ~50% ferdebris thicknesss of 10 and 25 cm, respectivel@@urresults—yield
aThese values arsomewhat smallemelt-reduction-by—debris—compared-to than in literaturevalues where melt
reductions of ~40-60% and 70-80% for ~10 cm and er@5respectively, were found (Ostrem, 1959; Mattebal., 1993;

Nicholson and Benn, 2006; Brock et al., 200¥pte that our debris-free reference stake is aththhest elevation of all
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stakes, which may partly explain our underestinmaiiomelt reduction by debris. The backwasting witece cliffs was 1.3

times than at the debris-free reference stake.uFwertainty of the ablation measurements is ~3which results in an

ablation rate uncertainty in the order of +0.09dm - {Formatted: Superscript

4.4 Surface flow velocities

Overall, there is a trend of decreasing velocisieee the first measurement period 1961-1977 tmdidy, but with a clear

phase of acceleration in the late 1970s and 198@scities in the lowest section of the glacierdgoa (yellow) as well as

the Lower SBG have decreased from 10-20 thigrthe 1980s to almost zero (<3 m*\gince 2005) and can be considered

close to stagnant. The central section (green) sHowalues of 30-40 m Vruntil the 1980s; afterwards velocities strongly

decreased to ~5-10 m*ytoday. Velocities in the highest section (blueyéhdecreased over the same period from 50-60 m

yr' to ~15 m yi*. In the periods 1977-1983 and 1983-1988 a veldnityease of close to 50% was observed in all areas

with a slightly delayed signal down-glacier. It wialowed by a strong velocity decrease in the K98t became weaker

thereafter. In all time periods central glacier idAeft’, ‘mid-right’) parts moved faster than thmargins, and velocities

strongly decreased down-glacier (FigBrériqure, S5). Uncertainties are in the order ofl4@.yr*. | - {Formatted: Not Highlight
70 —— Upper SBG (51)
- = - Lower SBG (S2)

60 Tongue left (T1)
50 Tongue mid-left (T2)

_ Tongue mid-right (T3)

% 40 Tongue right (T4)

E - - - Middle left (1)

g 30 — Middle mid-left (M2)
g —— Middle mid-right (M3)
20 -~ - Middle right (M4)

— TMG left (TG1)
10 — TMG right (TG2)
....... Average
0
1960 1970 1980 1990 2000 2010 2020

Figure 8: Evolution of surface flow since 1961 for the diffrent sections of the glacier tongue as labelled the insetmap. After an
increase in the 1970s/1980s a rapid slow-down occed in all observed regions.

The displacements from radar interferometry from ibb-day period in summer 2017 yield similar rssahd confirm the

quasi-stagnation of the lower tongue with line-iofs flow speeds <2 m ¥r(Figure S5). The more active part of the glacier

with velocities >10 m yt extends up-glacier from just above the conflueot@MG and SBG. During recent years, the
flow in this mid-tongue section has strongly desezhand velocities have halved between 2005-20@72816-2017

(Figure8 and Figure S5). | - {Formatted: Not Highlight

5.34.5Ice cliffs and related elevation change

Even though the glacier has become more and mdmesetsovered, we did not find any cldang-termtrend in area and

location ofice cliffs -

- { Field Code Changed
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the tidpographically
correctedexpesed-iceice-clifarea amounts to less tharb%5%. of the total glacier area, and less than 1.8%hefdebris-
covered glacier area (Table 3)s only -Only-~very-few small ponds have been detected (<5 per tim¢ atepdue-to-their
small-number-and-ardéhey have not been further analysed.

Table 3: Evolution of expesedce-cliff area from 1946-2013. “dc.” = debris-covered.

Glacier area Debris-covered | Cliff share of
Year | Cliff area (km?) | (km2?) area (km?) dc. area (%)
1946 0.073-+0.007 18.07-+0.265 3.98-:0.010 1.43
1961 0.075-+0.007 17.43-+0.065 3.79-:0.010 1.79
1977 0.047-+0.006 16.96-+0.135 3.71-+0.005 1.04
1983 0.040-:0.003 16.87-+0.065 3.749-+0.000 0.64
1988 0.079-+0.008 16.77-+0.165 3.87-+0.005 1.20
1995 0.045-+0.001 16.72-+0.065 4.03-+0.000 0.96
2001 0.065-+0.006 16.66-+0.065 4.55-+0.005 1.07
2005 0.084-+0.005 16.28-+0.065 4.85-+0.005 1.54
2013 0.059-:0.004 15.82-:0.015 5.03-+0.010 1.10

Over thetetal-entireperiod, the average elevation chamgerthe-expesed-iceof ice-cliffreaqcliffs + buffer overlapwas
1.2 times higher than over the rest of the tondtigufe 9). During the 1970s and 1980s the thinmaigs werghewever,
almost the same and close to zero whereas sin@th88atio of average elevation change ranged-itteHaf-increased
veeen 1.5 and Ldbnsistenthy-higherthan-on-averaliéhen considering
average thinning rates over the entire glacier wergfter 1995 the inclusion ofexpesed-ice ice-clifareas enhances the
surface lowering only by less tha#¥4 andthus the presence of ice cliffs does not seemfeziathe mass loss substantially.
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Figure 9: Influence of ice cliffs on total elevatio change rate over the lowest area of the glacieorigue for eight time periods from
1961 to 2017. a): elevation change rate periods;:lgrea that was considered as “tongue” for elevatichange analysis; c): examples
of ice cliffs of two different years (2005 = red; @01 = blue), the corresponding borders of the 35 ouffer, and the overlapping
area of this buffer (yellow, grey dotted area).
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5.44.6 Surface-elevation-changesTongque-wide surface eleat change and patterns

5.4.1 Tongue-wide surface elevation changes

Since the end of the LIA, the surface elevatiorihef Zmuttgletscher tongue below 2750 m a.s.l. h@®st continuously
lowered (Figure 10)Between 1879 and 1946, the averajevation changevas negativeat -0.63 +0.13m yt, and
substantially loweredo -1.75 +0.34m yt between 1946 and 1961. In the 1970s and 1980mityeie partially thickened,
which is most pronounced at the tip of STG tongtfe4+0.29 m yi* from 1977-1983) and in the main trunk of the tamgu

while the terminus area was still substantiallyntiing. Between 1977 and 1983 the tongue’s averadace elevation
barely changed, at-a-changtes of -0.11 +0.29m yt. Between 1983 and 1995 the upper part of the tmineady started
to thin again whereas in the lowest 1 km a mixegal of thickening and thinning occurrefigure 1), consistent with a
slight advance at the centre of the terminus dfé®5. After 1988 the tongue began to thin subsitintat a rate of-elevation

exact values of all periodsPn average, Zmuttgletscher tongue has thinnediOgy7 +0.05m since 1879, with maximum

values of >190 m in the area of today's terminusitpm, i.e. the former central part of the tongBefore 1946, surface

lowering was greatest near the terminkiggre 1@-d), whereas later it became more heterogeneooggthout the tongue,

particularly since 2001. Locally, surface lowerings most pronounced ice-cliff areas anéh the debris-freeupperregions

(panels f, h, lirFigure 10Q.
The relationshipt between surface elevation charge surface elevation has strongly shifted oveet{igure 1}. The

periods from 1879 to 1988 show a trend to strotigiening in lower elevations, with an almost stakleface above 2500 m

in the period of 1977-1988. After 1988 the thinnimas in general become stronger but also more hensoms along the

mo v hefore 19{gure 9a-d ha alavation chanae w onaat

glacier tongue-
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Figure 10: Evolution of elevation change over thelgcier tongue since 1879ce-cliff Aareasef-exposed-icaare shown-in red. Note

how the ‘wave’ of mass flux moves down-glacier front-f. High values in the glacier forefield (e.g. 188-1988) are linked to
artefacts from water surfacesand the activities of a gravel mining company. Sesupplement Figure S7 to S16 for enlarged panels. _ - {Formatted: Not Highlight
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65 Discussion and Interpretation

6-15.1 Methods suitability and shortcomings

The DTMs used for calculating mass balance and ceidtevation changes have uncertainties of ~1-2en#0.2-0.4 My

yr: Table 1), which are derived as the standard dewiativer stable terrain aridereforerather represent the upper bound
of the uncertainty (Magnusson et al., 2016). Exdeptthe period 1879-1946 and977-1988 these uncertainties are
significantly lower than the glacier changes @mdshavethuslittle impact on the final decadal elevation chanates. High
elevation change values outside of the glacierasarfare found in very steep terrain and in the idiate forefield which
and in the latter casstem from artefacts on water surfaces (e.g. Figlr@anel e), or the activities of a graeetraction
mining company (e.g. Figure 10g, h, i), andodo notirfluence affecthe results on glacierevationchange.
The time series of glacier surface flow velocitadsng the lowest ~4 km is over 50 years long (12617) and includes
periods of glacier acceleration and deceleratimenEhough it covers less than half of the totaéstigation period, it is one
of the longest time series of a debris-coveredigftasimitar- comparable to the velocity series fremte-series-byCapt et
al~(2016)}-whe-extracted—velocitiesfordebris-coveiBtacier de Tsarmine from 1967 to 200Bapt et al., 2016 Even
B L e S e e - Despite difficulties in tracking boulders
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Altheugh-it-was—difficultto—retrieveresultsforoblder—trackingin more active areas on Zmuttgletscher due to large
displacements (long periods between image datebrmvasses (e.g. massive increasé crevassesetween1977-and
1988in 1980}k several representative data points coulébbed extracteger glacierseeter sub-sectioand time periodand
with-this-infermation-we-eouldwhich allowed draw a clear picture of the dynamic evolution leé entire glacier tongue
since 1961. Unfortunately, the time period 1946419lded too few data points (due to image qualitd snow cover) and
was-thushad to bexcluded from the time series. In the lowest atbasvelocity field derived from therthephetes2016-
2017orthophotogFig. S14) showslightly higher values than the interferometer (e-¢025 m vs. £0.57 miyr yr') and a
reduced extent in low flow—irdicating-a-smabiprasi-stagnant-glacierpartbut confirms the stagnaif the lower tongue

This difference can be attributed to gfeort duration and time of observation in late senmhen flow velocities are likely

below the annual average due to the establishraegé

equal to that of the glacier and iadiff mapping at—-e.+% pixel. Fhe-debris-coverof Fat961 the debris cover extent
might be slightly underestimated as—is-less-aeriagcausthe orthophoto does not fully cover the ablatioeaaanda is
admﬂenaulytthlnsnow-coveed was preserin hlgher areasThis could partly explain the slight reduction igbdis extent

from -

Kraaijenbrink et al., 2016Ragettli et al., 20Hyun et al., 201p-The automaticFhaletection-of ice cliffs using erly

topographic and geometric variables applied by others (e.Brun et al., 2016Kraaijenbrink et al., 200)6showedin our

caseno satisfying results-Many steep areas (>40°) were incorrectly idesttihs debris-covered, and slope values extracted
over ice cliffs were often below those typicallyseived in-situ elsewhere (el@eld and Brock, 2004 e-g—because-many
Qsir object-based mapping

approach is efficient to map larger numbers oficlior severabatesortho-photes;. However, the polygons are baseal

somewhat subjective choice of separation parameteds the manual correction of the polygons is taoesuming.

consideringimage quality (texture, contrast, snow cover, cistdow) the results include both omission and casiom
errors, which also lie in the range dfpixel along the polygon margins.
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5.2 Chronological evolution and process interactions

On the basis of their dynamic behaviour we distisigtiour distinct phases over the entire obserugeriod since 1879. In

the first phase, between 1879 and 1977, as a resgorthe atmospheric warming in the mid:t@ntury, the mass balance

of Zmuttgletscher turned negative (Fig®efirst only slightly (1879-1946: -0.09+0.12 m.wy&™"), then more strongly
(1946-1977: -0.67+0.16 m.w.e. Yt leading to glacier thinning and retreat. At saene time,
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hetldebris-covered aremnstanthincreased from 258+0.2 km2in-in
1859 to 3(78+0.01 km2in in-1961. The-temperaturerise isRising air temperaturespaobably the main reason for the
strengincreagnge-of _debris extent as they—covered-area:—highertemperateatbto a rise of the rain-snow transition

altitude as well ase—mere—melthigher ice ablation-during-summer—aatuan Therefore, debris emergeneen-happen
faster accelerates and moves—durther up-glacier (Stokes et al., 2007). Decregasoe flow further -alsesupports the

development of a continuous debris cover of sultisiahicknessas:the emerging debris is evacuated more slotiysand
the debris has more time to melt aitthe-iceand eanthicken (Kirkbride and Deline, 2013 In the mid-28 century a
continuous debris cover existed on the lower path@Zmuttgletsechetongue, likely already responsible for a flattenofg
the mass balance gradieBkposed-ice-areaslce clifdsurface-flowsupraglacial meltwatehannelslreadyexisted in the
lowest, debris-covered part of Zmuttgletschéradyin 1930 (Figure S37) and thereafter increased mmmber-andarea
until 1977. These surface features are partly mesipte forincreased thinning-elevation-change-rates-thalsigkesrin these
areas close to the termintman compared tfurther up-glacier.

In a second phase between 1977 and 1988,-Subshgaetrhospheric cooling and increased precipitation ghbwa shift
towards less negative mass balafreen1977-1989-0.27-#0.18 m w.e.yr’, Figure3Aw). This is reflected ira partial—a
shghtthickening of the tongue~{gure-Grigure 1@, & as well asn increasedeeflow velocities(Figure-+1Figured, Figure
12b)leading-also-to-enhanced-crevassing-in-thensghf-extensional-iceflow. ). At the same tintes tipper boundary of

debris cover in these areas migrated slightly dalacier (Figurel?a), but because the debris cover continued to ekjgan
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other areas, the total debris-covered area washlpwgable during this period-Fhe-total-debris-a@eearea—during-this

increased-{Figure-15The uppemargin boundarpf the zone with mostxpesed-ice-areasice cliffgas- wasalso moved
down-glacier during this period and the total anéauchice cliffs dropped by a factor of Z¢ble-Jable 3). Theeaction

adjustment of the-eflaciers length and area was less direct, but the retneditasea losgradually slowed downslewly
attenuated

In the third phase between 1988 and 2001+-the-AB88mass balancesrned became more negatagain— along with an

abrupt rise in air temperature (Figi8&, b) —meore-negativand flow velociy reductions were pervasive across the glacier
ies-quickhy-dropped-all-everthongue, first higher up, then also in the lowesiors Eigure8, Figurel2-andb). AtThethe
same-time—thelebris-covered aremgain-strongly substantialipcreased — especially during the 1990s — whileglaeier
area was stable and the central part of the tesnéwven advanced for some metres, leaving behindadl soraineafter
starting-toretreat-in200Figure S158). Thedelayed response to-effecttbie preceding periodt-moere—pesitivewith less
negativemass balance ,i©iowever, still detectable in the slight elevatgain right at the terminus—visible-in-the-elegati

change-patterns-of-the-tongue-untithe period 1995-2001vhen-the-rate-of change-wa ose-to-zethaterminus,

whereas it was already highly negative on theoktiie tongue (Figure Ip

In the most recent period (2001 to 2017), the glabas continued to develop an ever more negatagsrbalance-Buring
(abprox.—0.86-981m w.e.yr
15y). Thinning has been most pronounced in debrisdreas — especially on the tongue of STG — andeirid-cliff zone
andandhinningrateshave-been-constantly remainkigh (>1-2 m Ayyr’f) alleveracrosshe tongueTowards the terminus

these thinning rates are, however, not comparableatues typically observed on debris-free gla¢mrgues at similar

covered-part, length and area change

been—comparably-smafdliven the highoverall mass loss Higure 3, Figure 4-and-). Flow velocities have continuously
decreased after 1988, and since ~2001 the lowleStkm of the tonguere has become-guasi-almstignant (mostly below

32 miyr yr).
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Figure 12; a) Central elevation profiles over the glacier tague from the 19" century until today; today’s line (red) marks the-— - - {Formatted: Caption

former glacier bed from 0 to ~2000 m along the prdle, the rugged lower part of the lines is shapedybice cliffs and flow channels.
b) Surface flow velocities from the 1960s until toaly along the same profile; velocities were highesturing the positive mass
balance period in the 1970s/1980s; the lowest paof the tongue is almost stagnant today. Vertical lmwn and blue bars show the
upper boundaries of the debris-covered area and thiee-cliff zone, respectively; both boundaries havimterrupted their up-glacier
trend between 1977 and 1988.

6.35.3Unprecedented debris cover increase

Zmuttgletscher’s debris extent has increased bye-f8ints since the end of the LIA without evidewégarticularly large

rock falls. Here the headwalls surrounding the emdation area are the most relevant input souroess|ateral moraines

quantified for a century-long period. These studimend debris-cover extent increases of 2-10% pdiat glaciers with \?\\\‘{ Field Code Changed

absolute debris-cover extents of 2-42%, which i below the rates we found for Zmuttgletscher,reea a decadal scale. \{ Field Code Changed

{ Field Code Changed

o U L

At Zmuttgletscher we could also identify strong peral variations in the rate of debris-cover extelmange (e.g. stable
extent in 1970s and 1980s and high rates of chahgd% per decade in the 1990s and early 2000sghwdvincide with

distinct changes in climate and related dynamipasses. This strong link to climate may also helgxplain the strong

debris-cover extent increase on Zmuttgletscher clvhiie suggest is the result of (i) a combined éffefc elevated

temperatures and decreasing velocities, (ii) thgelalebris-free ablation area that still existddva decades ago, and likely

also the (iii) the comparatively small glacier size. the shorter response time.

5.4  The influence of debris cover on geometry

To understand the potential long-term effects dibris cover on glacier evolution, regional comgams provide a useful

context. Nevertheless, one has to be careful inpemimg length and area changes of glaciers fovangelimate history,

because of differences in geometry and hence respiimes J6hannesson et al., 198The retreat of Zmuttgletscher is

relatively modest compared to that of other larggsS glaciers Kigure 4 and it has shown little terminus fluctuation, Bve

during the climatically favourable period in the708 and 1980s. Other glaciers with similarly suldfiectuations are

Unteraargletscher and Glacier de Zinal, which ése debris-covered in their lower reaches. Unlikealler and debris-free
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glaciers, neither Unteraargletscher nor GlacierZdeal advanced in the 1980s and 199Bgg(re 4. Aletschgletscher

(>80 km?) is too large and thick to react to stpantiods of positive mass balance and shows a snamatfaccelerating long-
term retreat trend since the end of the LIA (i24 m yi*, GLAMOS, 2018. On the other hand, Findelgletscher, a nearby

debris-free glacier of similar size, thickness atelvation range as Zmuttgletschehowedmuch stronger fluctuations in

length andevenmass balance Findelgletscher experiencgrériods of balanced and even positive mass baanese

accompanied by sharpterminusadvance in the 1980s (+41 m'yrfollowed by a strong retreat since 1985 (-44 M)yr

During these recent periods of strongly negativesimlance, the retreat rate at Zmuttgletsche2#9701 m yi') was lower

than that ofll other glaciers in Figure. 4
Area changes from the beginning of the 1970s w12 reveal that Zmuttgletscher has lost 7% oéiies (-0.17% b,
which is comparatively high (Table S15). In compan, Findelgletscher has lost more than 11% cériés (-0.32% yh)

during a similar period. Thus, in terms of lengtidarea changes, Zmuttgletscher shows a distisatiglued and delayed

response to climatic perturbations compared toisidime glaciers in the region.

The relatively uniform and reduced thinning overamwf Zmuttgletscher’s tongue can be attributethéodebris cover and

is observed at several debris-covered glacierswiitiz€rland. This suppression of thinning by delmiver on the lower

ablation area is best illustrated when plotting ¢fevation change for one period for 11 larger Svgkaciers along ten

vertical elevation bins of equal size (Figut8). For all debris-covered glaciers, including Zmigtscher, the thinning

becomes almost independent of elevation for thestomlevation bins, whereas for debris-free glacidrgontinues to

increase towards the terminus. The non-linearioglship between thinning and elevation causes lthees adaptation of

debris-covered glacier length and area and henae mxtended tongues. A similar flattening or evewersal of the

elevation change gradient towards debris-coveradigl termini has also been observed in other nsgie.g. in the central
Himalaya (noue, 1977 Bolch et al., 2008aBenn et al., 2012Ye et al., 2015Ragettli et al., 200)6and the Tien Shan
(Pieczonka and Bolch, 2015
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Figure 13 Elevation change between 1980 and 2010 against nmlised elevation for a selection of Swiss glacierSolid lines*- - - {Formaﬁed: Caption

mostly debris-free glaciers, dashed lines: debrisevered glaciers. Data from Fischer et al._(2015) The lowest section of
Aletschgletscher (yellow line) is actually also sihtly debris-covered.

5.5 Climate-driven glacier mass balance and flow dynanss

The evolution of glacier-wide mass balance of Zgiatscher since 1879 are comparable to centenaiads on other - ‘[Formatted: Left

debris-free glaciers in the Swiss Alps, which dosely related to variations in climate (Fig@®:eSchmidli, 2000Bauder et
al., 2007 Huss et al., 201Mirschi et al., 2013World Glacier Monitoring Service, 2017 or Zmuttgletscher, the strong

connection of mass balance to climate is exemglifig the almost balanced conditions during colderses before 1920
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and in the 1970/80s as well as by the strongly tie@aass balance in the 1940/50s and in the retegades (Figurg;
Bauder et al., 20QEscher-Vetter et al., 2009This clearly demonstrates that the glacier-witess balance of

Zmuttgletscher has foremost been governed by dlincshinges and has not been strongly influencedkebyis cover and

changes thereof. This is in contrast to the casalatier de Miage in Italy, for whichhomson et ak2000)related the

positive mass balance on the tongue over tifecBatury partly to debris cover. The debris codeBlacier de Miage is,

however, thicker than at Zmuttgletscher.

The relatively thin debris thickness at Zmuttgleescmay on the one hand limit the decoupling frdimatic influences,

and on the other hand still be sufficient to redgtier thinning and terminus retreat. This resifi an extended and

stagnating glacier tongue that increases the drehlation (relative to a debris-free glacier toegwhich in turn enhances

the sensitivity of the glacier-wide mass balancelitnatic changes.

The observed temporal variations in ice flow arndkiness on the main glacier tongue of Zmuttgletsett®o closely reflect

variations in climate as exemplified by the accatien and thickening in the period of more positiwass balance in the

1970s and 1980s. Positive mass balances impactinipe velocities were also observed at debris-cedeGlacier de

Tsarmine Capt et al., 2006and a number of other debris-free glaciers int&wiand (Glacier du Giétro, Glacier de
Corbassiere, MattmarkBauder, 201Y and Austria (Hintereisferner, Kesselwandferr&tocker-Waldhuber et al., 2018
Also at Glacier de Miage, a kinematic wave migratifogvn-glacier was observed between the 1960s a8@dsli®at led to a

small terminus advance in the late 1980kagmson et al., 2000Also the long-term (1960s until today) reductianflow

velocities on the tongue of Zmuttgletscher is irelwith observations from all of the above mentibgkciers.

All these examples show a direct reaction of floslogites and hence ice flux to climatic changess Tihk is consistert- - - ‘[Formatted: Don't keep with next

with the principle of mass conservation, regardiesdebris coverage, but breaks down when the gidongue starts to

stagnate as a result of the debris cover slowivgndbe retreat. Such a dynamical stagnation anduf#ing has in the last
decade also been observed at the tongue of Zmistther and is characteristic of strongly debriseced glaciers (e.qg.
Bolch et al., 2012

On large debris-covered glaciers, lower flow veiesi are often the result of a decreased drivingsstdue to flat tongues
that result from a sustained reversal of the massnbe gradientBolch et al., 2008aAnderson and Anderson, 2016\t

Zmuttgletscher, the elevation change gradient hdsed decreased to almost zero during recent dechlégertheless, the

glacier surface slope has slightly increased aweg, ttherefore we attribute the decrease of dynaiwity to the reduction

in ice thickness and, hence, mass flux and climEtés conclusion is coherent with findings Bghecq et al(2019) from

glaciers in South and Central Asia.

elevaﬂen—ehange—g;adwnt—ever—ﬂme—te—almest—ze;eThe role of Qdebrls related surface featuresen
Zmuttgletscher

Whilst the presence of a debris mantle may nottanbigally influence the overall mass loss rate afiuftgletscher, we

eoneluddind that the main reason for the observed heteregas thinning pattern is the increasingly extemsind also

likely thicker debris cover that is heterogeneousifitributed over the tongue. The heterogeneigvexfurther increased by
the presence of ice cliffs-Judging-from-field Bieisits andpatterns of surface lowering suggest a close aasoTibetween

ice cliff formation and the presence

supraglacial meltwater channels. Surface meler

is often running off superficially ovéerg-substantiadlistances andeveraiwvater flow channelsre abundant-exigill over
the glacier tongueoutside of crevassed areas. Inside and alongs&se tchannels bare iegen-becomes exposed when
water washes away the debris or laterally cuts timoice Figure14Error! Reference source not founda) and the debris

slides off the oversteepened.-or-because-locdligrdhtial-melting-steepens-tiohannel wallsintil-the-debris-slides-affThe

location of supraglacial meltwater channels on Zgietscher seems closely related to areas of casjoreal flow — in flat
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and stagnatingreas-and-troughs-between-ridgesand has been most pronounced in the lowest i, kere also most
expesed-ice-areas{mesite cliffs) occurferm This is consistent with the cessation-+opeglacier migration of theee-cliff
boundary-uppermargin-of-this-zone-stope@005, just below atep in the surface-small-section-of-steeperserape
with extensional flow Figure 12a at profile distance ~3500)mExpesed-ice—areaslce clifalso develop when en- and
subglacialeaxities voids—-eitherslewly-orrapidiycollapse and the shear planes of the fracturegetexposeds also
observed at Zmuttgletscher—{Figure_16(Figi#b). Wesuppoese suggeshat abundantenglacial ablation is effectively

creating and enlarging suckavities- voids(Benn et al., 2012lmmerzeel et al.,, 2014; Fischer 201Sgure 14Error!
Reference source not found)-en—ZmuttgletseherSupraglacial ponds are known to have a high piaieto increase
ablation (Sakai et al., 2000; Rohl, 2008; Miles ket 2016) and are also potential origins of icdf&l(Figure 14Error!
Reference source not foundl); butthese features are not prevalent-en-their+elevan@muttgletscheislow-due-to-their
crrotbrumborondoinn

Ly i
Figure 14: Examples of superficial and englacial ablation andheir consequences. a: meander of a large supraglal water “~ =~ | Formatted: Caption, Left, Don't keep
channel with confining, under-cut ice cliff. b: alnpst circular surface lowering as a consequence dfi-eand subglacial ablation. c: with next

subglacial water flow channel. d: supraglacial pondnd ambient cliffs.

Largeterminatice cliffs also exist at thglacier-meuth{s)terminuand are responsible fexacerbated retreatafastretreat in
these-lecationsompared to where the terminissgently sloping and debris-mantledflattens-owd-Hre-debris-stays-en-the
iee. The situation of a terminal cliff at the glacraputh combined with terminus retreat is also foargl at Gangotri glacier

(Bhambiri et al., 2012; Bhattacharya et al., 20&6)ereas some glaciers with a stable terminus khgmbu, Miage) do not
show such terminal cliffs (Bolch et al., 2008a; Riati et al., 2009). Remarkably, depressions fxmures—efirregular
surface topography near the termirss- werealready indicated in the Siegfried map from 1878rt&inren-terminalice
cliffs on Zmuttgletscher have reached >25 m in heand have persisted for over two decadEsisistent-with-the-general
literature tThe consequences afeas-ef-expesedcecliffs at Zmuttgletscher aréi)

-———a more chaotic pattern of surface elevation chadgestrong-telocaly strorgablation,(ii) « - - ‘{Formatted: Normal, No bullets or

-———a-strengdebrisedistributionef-debristhrough cliff backwasting ansediment-evacuation-and-depesitien_by fluvial numbering

- and stronger surface elevation changes at the Igwer of the tongue (especially downstream sefsmall

topographic step-see-Figure-15a-atprofile-distance~3500A8 a result, the elevation change is still sgemtowards the
terminusthan—-which-would-not-be-the-camithout these-exposed-ice-areasice cliffs

The strong expansion of debris cover might suggdsgh and increasing importance of ice cliffs. lowr, we found that

Nevertheless-the-expoesed-ice-areasice difésonlyresponsible for approximately 5%-to-a-small-extesponsible-for-the
high-volumeloss—on-a dlacier-wideseale{in-the-range-of=5%) volume lobecausdi) ther total e*pesed—mearea is

small (Table 3also compared to other glaci

€.9. Sakai et al.,
2000;Juen et al., 201/Ragettli et al., 20k6Juen-et-al;2014).) and (i)—On-the-ether-hdhddebris is relativelythinner
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Even though high flow velocities may be expectedutbdue the emergenceesfpesed-ice-areasice cliffwe could not find
a clear velocity threshold linked to their occumene.g. to designate areas of potential-atiéf formation—nterestingly,

dHowever, the upper boundary of the ice-cliff zow@s moved downstream by increased flow velocitiethe 1970s and

Fjurther, during this period the

abselute-andrelativetotade-cliff areasf-exposed-ieavas clearly reduced compared to bp#riods with lower flow speeds
before and after (TableFable-3)) This suggests a clear link between dynamic statethe occurrence of ice cliffs and

would imply expandingexpesed-iceice-cliffareas on stagnating tongues, consistent with #rergl interpretation of
observationsd.g.Pellicciotti et al., 2015).
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Increased flow velocities also led to a local dayl@eier movement of the upper boundary of the deéxient (Figurd?2).

Similarly, Deline (2005) documented a decrease in debris-covered arealémieGde Miage between ~1890 and ~1920,

caused by an increase in surface elevation and\idacity (Thomson et al., 20Q0which confirms that changes in glacier

dynamics can directly impact supraglacial debrigetx

, {Comment [n1]: change title ]

_ — -| Comment [n2]: other motivation :
important to understand whether the
obsered evolution is glacier-specific or also
visible on other glaciers with somehow
similar settings.
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46 __Conclusions

This study presentsiaver >150-year_long reconstruction offfacier thegeometry, surface topography, and debris cover

from-the-LIA-untilof Zmuttgletschertedayas well asobservations of surface flow velocitieser five decadesf-surface

flow—velocities Deb over-extent-has—more ongh—increased-Hmwn—elsewhere(from-13.4%of-the-total-glacier
surface-in-1859-10-31-8%-in2013). We observedstimngest debris-cover extent increase on recooth 12.9+0.9% of the
total glacier surface in 1859 to 31.8+0.06% in 20R8spite-the-expansive-debriscover—we conclbdbtheevolutionof

heterogeneous debris thickness distribution redableion from=15% toup-t080% (compared to bare ice) over large parts

of the debris-covered areaausing persistent debris-related thinning pasteEvenif-thoughthis debris cover is relatively

thin (mostly ~15 cm), it has efficiently attenuai@ud delayed thesaction responst® climatic changes in terms gfacier
length and areadaptations adjustmenbmpared tather debris-freglaciers in the Alps, both during periods of maamg

and mass losgverall-values-o 12009 miyr-and-0-17 2%4)yr since ~1859 respectivelyjence, elevation change

has become (almost) independent from elevationpiethe expansive debris cover, our observati@manhstrate that the

evolution of Zmuttgletscher has been mainly dribgrclimatic changes, both on a decadal and on &geial time-scale-In
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contrast,—rates-of surface-elevation-change-ardcigs-wide mass balancarethroughout the last centugomparable to

other debris-covered, but also debris-free Swiasigls corroborating a direct link to climate. The prievece of localised

ablative processes such as ice cliff expansionerhgsirface elevation change in otherwise heavilbyigsieovered areas,

which leads to increased ice loss in the lowestigigarts, thereby preventing a reversal of tegatlon change gradient.

in-the-1970s-and-1980ssimilar to other glaciers in the Alpandthe lower 1.5 km of the tongue is almost stagnaday, —

even though the glacier tongue Ilséightly steepened over timehiis-he low flow velocities areaainhy-due tothinning and
reduced ice fluxandenly-to a minor degree influenced by debris cover. Hidlmev velocities between 1977 and 1988 were

triggered bya more positive surface mass balance and the ddlateeased mass flux from the accumulation areachvhi

also caused local glacieethickening. This increase led tolacal-slight down-glacier migration of the debrigover

margiboundarynfollowed by a strong debrigover increase whepest-1988velocities droppedh the 1990sandrising air
temperatureise-led to increasingly negative mass balanEeese-observations—proof-a-strong-and-direct-itnphélow
dynamics-on-debris-cover-extertigher flow velocities also moved the uppeargin boundarf theice cliff zonewith
mostice-cliffisdown-glacier, temporarily reduced the ice-cliff@rand eventually led to a slight advance in th@0%9
These findings suggest a cleard directinfluence of flow dynamic®n debris extent and-through-the-enhancemeitesf

cliff formation-in-stagnating-glacierparts-and-vice-veiFhe above described processes and feedbackikelyevialid and
relevant for other debris-covered glaciers in tHpsAand elsewhere at potentially different rated aragnitudes. In the

context of global warming, it is therefore crudialinclude these findings in models for glacierjpctions.
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