Polythermal conditions in small glaciers in the Swiss Alps

Response to Referee #2
27 August 2026

Dear Dr. Caroline Clason & referee 2,

We thank the reviewer for your careful and constructive assessment of our manuscript. We greatly appreciate
the time and effort you invested. Below we respond to each of your comments individually. Our replies are
shown in blue, and the corresponding changes in the revised manuscript are quoted in green.

We have also increased the font size in Figure 5 (now Figure 4) to improve its readability.

Note on figure numbering: because the deployment-timeline figure was moved to the Supplement in this revision,
the subsequent main-text figures shifted by one. The profile figures referred to in the comments as Figures 6-8 are
now Figures 5-7 in the revised manuscript, the firn-loss map (Figure 9) is now Figure 8, and the seasonal-
temperature and historical-comparison figures (Figures 4 and 5) are now Figures 3 and 4; several supplementary
figures were renumbered accordingly. To match the comments, the responses below use the original numbering, and
each revised figure reproduced at the end also gives its new number in the revised manuscript.

R2.S1 (Summary)

This manuscript presents a valuable new dataset of borehole thermometry and ground-penetrating radar
observations from six small Swiss glaciers, addressing an important gap in our understanding of the thermal
structure of small Alpine glaciers. The study has the potential to make a meaningful contribution to the field,
particularly through the combination of direct temperature measurements, geophysical observations, and
long-term mass balance records. However, I believe the manuscript would benefit from substantial revisions
to improve its clarity, presentation, and interpretation before the conclusions can be fully supported. My
principal comments relate to the overall organisation of the manuscript. This would improve the flow of the
manuscript and make the interpretation of the thermal structures considerably easier to follow. In addition,
the manuscript would benefit from greater methodological detail, particularly regarding calibration, and
measurement uncertainties. Given that many of the reported temperature differences are small, a more explicit
treatment of measurement uncertainty is important. Several figures could also be revised to improve clarity,
including clearer symbology, integration of complementary datasets, and more effective figure layouts.
Finally, more comprehensive engagement with the existing literature and additional supporting references
would lend credence to the authors interpretations. The specific comments below are intended to help improve
the clarity, robustness, and overall presentation of the manuscript. Overall,I think this is a noteworthy
manuscript that has had a lot of work and time put into its data collection and analysis and with consideration
of the points detailed below, would be an excellent fit for The Cryosphere.

Response: We thank the reviewer for the thorough and constructive assessment, and for recognising the value
of the dataset and the contribution of the study. We have taken the principal comments seriously and made
substantial revisions in each of the areas raised. On the overall organisation, we have restructured the Methods
to lead with the geophysics as suggested, and we have split the former combined section into separate Results
and Discussion sections, which together improve the flow and readability of the manuscript. On
methodological detail, we have expanded the description of the instrumentation and, in particular, integrated
the calibration information into the description of each thermistor type, reporting the mean offsets determined
for each, and we have added an explicit statement of measurement uncertainty and made it explicit where
reported differences are comparable to it. On the figures, we have substantially reworked the three principal
figures (now Figs. 6 to 8) for clarity of symbology, added scale bars, moved the timeline figure to the
supplement, and improved the firn-cover figures. On the literature, we have added supporting citations
throughout the process descriptions, most substantially in the Discussion synthesis. We believe these revisions
address the reviewer's concerns and have strengthened the clarity, rigour, and presentation of the manuscript,
and we explain each change individually in the point-by-point responses below.

R2.C1 (General)




Structure of methods: As it stands, I feel the information within the methods section is good, but some
restructuring could aid the reader in understanding the process. As it stands the thematic order is Drilling,
Temperatures, GPR, Temperatures, Temperature interpolation, Mass balance modelling. I would suggest a
minor restructure, beginning with the geophysics, then moving on to temperature measurements etc as this
would be easier to follow.

Response: We thank the reviewer for this suggestion, which we have adopted. We have restructured the
Methods section to lead with the geophysics, as proposed. The order is now: ground-penetrating radar surveys,
then borehole temperature measurements (drilling and instrumentation), then the borehole temperature
analysis, and finally the mass balance and firn cover reconstruction. Besides following the reviewer's
recommended sequence, this reordering has two further benefits: it groups all temperature-related content
together, rather than splitting it around the GPR section as before, and it establishes the glacier geometry from
the GPR before the temperature interpolation that depends on it. We found the revised order does indeed read
more fluidly and thank the reviewer for prompting the change.

Changes in the manuscript: Reordered Sect. 3: GPR surveys — borehole temperature measurements
(drilling, instrumentation) — borehole temperature analysis — mass balance / firn-cover reconstruction; cross-
references updated.

R2.C2 (General)

Results section: I find the results section hard to follow as it stands. Firstly, this should be clearly split into
Results then Discussion as at the moment the mixing of the two makes it hard to follow. Secondly, I feel the
data should either be presented as discrete datasets (temperature, GPR etc) or done by site integrating all
datasets within one section to explain what is being observed at that glacier. I prefer the later of these options
and although this will involve some restructuring the content will largely remain the same. Begin with the non-
polythermal glaciers then move onto the polythermal sites which then makes the discussion flow better. You
can then come together in the discussion section for an explanation of processes and comparison between sites
(Sections 4.4, 4.5 and 4.6).

Response: We thank the reviewer for this detailed and constructive comment. It has two parts, which we have
addressed differently. First, on splitting Results and Discussion: we agree, and have done so, dividing the
former combined section into a Results section (Sect. 4: seasonal temperature variations, decadal changes at
Sex Rouge and Corvatsch, and the polythermal-site thermal structure) and a separate Discussion section (Sect.
5: firn cover loss as the primary control, implications for Alpine thermal regimes, and hazard implications).
Second, on reorganising the results site by site: we considered this carefully but have chosen to retain the
thematic organisation, for reasons rooted in the paper's development. An earlier version of this manuscript was
in fact structured site by site, as the reviewer suggests, but we found that this made the paper both repetitive, as
each dataset and analysis step had to be presented separately for every glacier, and considerably longer and
harder to follow, so we reorganised it thematically to improve conciseness and flow. A further consideration is
that three of the six glaciers (Sex Rouge, Tortin, and Corvatsch) have only shallow boreholes with little or no
bed control, so dedicated per-site sections for them would not be warranted. The thematic structure instead lets
us present the seasonal signal across all six sites together, and then focus the detailed thermal-structure analysis
on the three sites where we have measurements below the depth of zero annual amplitude (Alphubel, Chessjen,
Hohsaas). We would also note that our Results already progress from the general seasonal signal across all
sites, through the shallower Sex Rouge and Corvatsch comparison, to the detailed polythermal-site analysis,
which partly follows the reviewer's suggestion of moving from the less complex sites toward the polythermal
ones. We hope the reviewer agrees that the Results and Discussion split addresses the central concern, while
the thematic organisation keeps the paper concise and readable.

Changes in the manuscript: Split the former “Results and discussion” into Results (Sect. 4: 4.1-4.3) and
Discussion (Sect. 5: 5.1-5.3), renumbering and updating cross-references. Thematic organisation retained (see
Response).

R2.C3 (General / Figs 6-8)




Following my above suggestion, I would advise integrating Figure 4 within Figures 6-8 for the relevant
glaciers. This would allow us as the reader to see how the temperatures have evolved at depth over a season
and how this then can be interpreted to the polythermal structure described. I also feel the symbology of these
figures could be reworked to clearly distinguish what is a scale and what is a location/depth.

Response: We appreciate this suggestion, and reworking these figures for clarity was one of the more
substantial revisions we made. On the symbology, the reviewer is right that it was not always clear what
encoded a scale and what encoded a location or identity, and we have restructured the figures with exactly that
distinction in mind. Ice temperature is now shown consistently through a single temperature colour map, used
both for the interpolated field and for the borehole markers in panels (a) and (c), so that colour always means
temperature. The individual borehole profiles in panel (b) are instead distinguished using a separate qualitative
colour scheme from ColorBrewer (Harrower and Brewer, 2003), chosen for maximal categorical distinctness,
so that borehole identity can no longer be mistaken for a temperature. We have also given the glacier surface,
bed reflection, and CTS distinct and explicitly labelled line styles, and the ZAA depth is now marked both in
panel (a) and in panel (b), directly showing which depths are seasonally variable and which represent the
longer-term thermal structure. On integrating the seasonal time series (Fig. 4) into these figures, we gave this
careful thought, as we agree that linking the seasonal evolution to the polythermal structure is valuable. On
balance, however, we felt that adding it would overload figures that are already information-dense, and the
seasonal behaviour is developed in its own right in Sect. 4.1. To capture the reviewer's underlying intent, that
the reader should be able to see which part of the profile is seasonal, we added the ZAA depth to panels (a) and
(b), which now shows directly which depths are seasonally variable and which reflect the longer-term thermal
structure. We hope this offers a good compromise between completeness and legibility.

Changes in the manuscript: Revised Figs. 6-8 (see the captions quoted under R1.C25): single temperature
colour map across panels (a)/(c); qualitative palette in panel (b); ZAA marked in panels (a) and (b); grey band
for temperatures above 0 °C. Fig. 4 not embedded.

R2.C4 (General)

The authors describe processes in sufficient detail throughout the paper, however there are multiple instances
where these processes need to be cited in the established literature and referenced throughout, lending
credence to their argument.

Response: We fully agree that the process descriptions should be consistently grounded in the established
literature, and this was a helpful prompt to strengthen the referencing throughout the manuscript. In response,
we have added supporting citations at the specific points where processes are described but were previously
under-referenced. Most substantially, the conceptual synthesis in Sect. 5.2 is now grounded throughout, with
references for meltwater percolation and latent-heat release in firn (Gilbert et al., 2012; Huss and Fischer,
2016; Gastaldello et al., 2025), crevasse-mediated cryo-hydrologic warming (Phillips et al., 2010; Gilbert et
al., 2019), strain heating (Cuffey and Paterson, 2010), and the cold-wave penetration that follows firn loss
(Wilson and Flowers, 2013; van Pelt et al., 2016). We have likewise added references for the melt processes in
the Introduction (Hock, 2005; see R2.C8), for the drainage-inhibition configuration underlying the hazard
discussion (see R2.C32), and for the reduction of basal friction by elevated water pressure (Iken and
Bindschadler, 1986; Cuffey and Paterson, 2010; see R2.C33). We are grateful for this comment, which we feel
has strengthened the credibility of the process arguments throughout the paper.

Changes in the manuscript: Added targeted citations at the flagged process statements (principally Sect. 5.2;
see R2.C30). No blanket changes.

R2.C5 (Line 4)

Perhaps name these 3 glaciers given you name other glaciers in the following sentence.

Response: Agreed; this has been revised as suggested.

Changes in the manuscript: Abstract: “We confirm polythermal conditions in three glaciers — Alphubel
South, Chessjengletscher, and Hohsaasgletscher — ...”.



R2.C6 (Line 23)

I suggest re-phrasing this not to include "high-altitude" as this is a comparative term, perhaps around a
specific altitude or just use the term accumulation zone.

Response: We agree and have removed the comparative term 'high-altitude’, replacing it with a specific
elevation threshold and broadening the cited examples (see R1.C4, which addresses the same sentence).

Changes in the manuscript: Introduction (Line 23): “In the Alps, existing observations are biased toward
accumulation areas above ~3800 m a.s.l., including sites in the Monte Rosa, Mont Blanc, and Bernese Alps
massifs (...) (Supplementary Fig. S1)...”.

R2.C7 (Line 33)

Unclear whether you are referring to a comparison between different glaciers or different components of the
same glacier

Response: We agree the phrasing was ambiguous. The revised sentence makes clear that this is a comparison
between different glaciers, not between components of the same glacier (see also our response to R1.C7, which
addressed the same sentence).

Changes in the manuscript: Line 33: “At these lower elevations (< 3800 m a.s.l.), glaciers may respond to
atmospheric warming differently from higher-elevation glaciers that still retain firn-covered accumulation
areas, because firn loss alters how latent heat from meltwater is retained.”

R2.C8 (Line 34)

I suggest referencing: Hock 2005 and Brock et al., 2010

Response: We have added Hock (2005) as a general reference for the melt processes invoked here. We note
that the specific process referred to in this sentence, reduced meltwater retention and the associated loss of
latent heat from refreezing where firn is absent, is supported by the citations in the immediately following
sentence (Wilson and Flowers, 2013; van Pelt et al., 2016). Regarding Brock et al. (2010), which concerns
surface energy fluxes on a debris-covered glacier, we felt it was not a natural fit for this statement about firn
meltwater retention; we have instead considered it in the context of the reviewer's comment on debris cover
(R2.C10).

Changes in the manuscript: Line 34: added Hock (2005): “...as firn loss fundamentally alters how latent heat
from meltwater is retained (Hock, 2005).”

R2.C9 (Line 38)

This has been extensively researched in Antarctica so perhaps rephrase around comparatively little research
in alpine and high-mountain environments?

Response: We agree and have narrowed the scope of this statement, replacing 'comparatively little attention
elsewhere' with 'comparatively little attention in alpine and high-mountain environments,' which more
accurately delimits the claim. We have deliberately not added an Antarctic citation here, however. While
meltwater refreezing and latent-heat release are indeed extensively studied in Antarctica, that body of work
concerns firn processes on ice shelves and ice sheets (firn-air depletion, meltwater ponding, and their role in
ice-shelf stability and collapse), where refreezing warms the firn and the setting and thermal consequences
differ fundamentally from the ablation-zone cooling of small, firn-losing mountain glaciers that we address.
Citing that literature here would therefore risk conflating two distinct processes. The rephrasing acknowledges
that the broader process is not unstudied globally, while keeping the specific claim accurate, namely that the
ablation-zone cooling effect is understudied in alpine settings, and appropriately supported by the alpine and
Arctic references cited.

Changes in the manuscript: Line 38: “...it has received comparatively little attention in alpine and high-
mountain environments (Gilbert et al., 2012; Huss and Fischer, 2016).”



R2.C10 (Line 48)

this is true for alpine environments but consider the role of debris cover in high-altitude glaciers and perhaps
make this statement more specific.

Response: We thank the reviewer for the suggestion. The reviewer is correct that debris cover can influence
surface melt and the thermal regime on glaciers where it is present, and that its role can be significant for
debris-covered glaciers. At our six study sites, however, debris cover is negligible to absent, so it does not play
a meaningful role for the glaciers examined here. The statement at Line 48 describes a drainage-inhibition
mechanism established in the cited literature for clean-ice polythermal glaciers, which is the setting relevant to
our study. We have therefore kept the statement as is and consider a treatment of debris-covered glaciers to be
outside the scope of this work.

Changes in the manuscript: No manuscript change.

R2.C11 (Line 82)

I'would like to see some more information here, namely how were the holes drilled, what thermistors did you
use and what is its uncertainty, were the thermistors calibrated prior to deployment, what depths were the
thermistors deployed to? I appreciate some of this information is in S.I. however, a sentence or two would help
me understand your method. I now see this is explained partially later on but I still think some details here
could help.

Response: We appreciate this comment and understand the reviewer's wish for more detail at this point, as the
paragraph could indeed read as though it were already introducing the methods in full. Our intention with this
opening paragraph is different: it is meant to give the reader a broad, chronological overview of what was
carried out and when across the two field campaigns, which we consider important for the reader to be able to
place the later results and interpretations in context. The methodological detail the reviewer asks for (drilling
systems, thermistor types and accuracy, calibration, GPR, and mass-balance methods) is provided in full in the
respective subsections. To make the purpose of the paragraph clearer and avoid the impression that it is already
a detailed methods description, we have restructured its opening so that it now explicitly introduces itself as a
chronological overview, with a forward reference to the detailed subsections (Sects. 3.1 to 3.4).

Changes in the manuscript: Rewrote the opening of Sect. 3: “We conducted two field campaigns, in the
summers of 2024 and 2025. Before detailing the individual methods (Sects. 3.1-3.4), we first give a
chronological overview of this fieldwork.”

R2.C12 (Line 85)

please define deep in the context of this paper

Response: We have clarified the terminology at first use. In this study, shallow boreholes refer to the
approximately 15 m holes drilled with the Heucke steam drill in 2024, and deep boreholes refer to the hot-
water-drilled holes reaching the glacier bed in 2025, with depths of 20 to 58.3 m. This distinction has been
made explicit at Line 85.

Changes in the manuscript: Line 85: “...the drilling of additional deep boreholes (here defined as bed-
reaching boreholes of 20 to 58.3 m depth) at Alphubel, Chessjen, and Hohsaas.”
R2.C13 (Figure 1)

I appreciate some scale is apparent given the gripping of panels b-g, however for easier comparison please
could you add a scale bar to each panel.

Response: We agree and have added a scale bar to each panel of Figure 1, placed in the lower right of each
panel, to allow easier comparison between the sites."

Changes in the manuscript: Added a scale bar to the lower right of each panel (b—g) of Figure 1.



R2.C14 (Figures 1 & 2)

I'wonder if these figures could be combined with the overview images being added as inserts? I appreciate this
may make the figure messy but could be worth considering.

Response: We thank the reviewer for the suggestion and have considered it carefully. As the reviewer
anticipates, we found that combining the two figures would overload what is already a very densely populated
figure. Figure 1 currently carries the overview map, six detailed site maps with contour lines, glacier outlines,
borehole positions, flow directions, and gpr profiles, and adding photographic inserts would compromise its
legibility. We also feel the two figures serve distinct and complementary purposes: Figure 1 provides the
spatial and instrumentation context (site locations, topography, and borehole and profile positions), while
Figure 2 provides the visual context of each site through photographs showing the actual terrain and borehole
settings. For these reasons we prefer to keep them as two separate figures.

Changes in the manuscript: No manuscript change (figures kept separate).

R2.C15 (Figure 3)

Move to SI

Response: We agree and have moved Figure 3 to the Supplement, where it now appears as Fig. S3 under a
new subsection '2.1 Timeline of borehole instrumentation.

Changes in the manuscript: Moved Figure 3 to the Supplement (now Supplementary Fig. S2); in-text
references updated (see R1.C16).

R2.C16 (Line 117)

was this accuracy from calibration you conducted or from the manufacturer? This is quite low accuracy
considering the data you are analysing

Response: The stated accuracy is the manufacturer specification for the Tinytag PB-5010 thermistors. In
addition, we calibrated all sensors ourselves prior to deployment to quantify and correct sensor-specific offsets
(Lines 126 to 130), which reduces the effective offsets below this nominal value. We have added
'(manufacturer specification)' at Line 117 to make this explicit. We would also note that, while £0.2°C is a
relatively low accuracy in absolute terms, the temperature contrasts underlying our interpretations are
generally substantially larger than this, and the deepest, bed-reaching measurements are additionally
constrained by the higher-accuracy Geoprecision chains (+0.05°C). Where individual values fall within sensor
accuracy of the melting point, we refrain from a definitive classification and interpret them with appropriate
caution.

Changes in the manuscript: Added “(manufacturer specification)” after +0.2 °C at Line 117 (and after +0.05
°C at Line 125, per R2.C17).

R2.C17 (Line 125)

was this accuracy from calibration you conducted or from the manufacturer?

Response: As with the Tinytag sensors, the stated accuracy is the manufacturer specification, here for the
Geoprecision TNode HD thermistors. We have added '(manufacturer specification)' after the £0.05°C figure at
Line 125 to make this explicit. In addition, all sensors were calibrated prior to deployment to quantify and
correct sensor-specific offsets (Lines 126 to 130), which reduces the effective offsets below this nominal value.
The +0.05°C accuracy of these chains is at the high-accuracy end of what is achievable for englacial point
thermometry, and the deep vertical profiles and cold-temperate transition detection rely primarily on these
Sensors.

Changes in the manuscript: Added “(manufacturer specification)” after +0.05 °C at Line 125.

R2.C18 (Lines 126-130)




This information answers my above questions but please integrate it within the relevant text for each
thermistor, which would make it easier to follow from the readers perspective. State how your calibration
improved the uncertainty for each.

Response: We have integrated the calibration information into the description of each thermistor type, as
suggested, rather than keeping it in a separate paragraph. The ice-bath calibration is now described with the
Tinytag sensors and the alcohol-bath calibration with the Geoprecision chains. For each we state the mean
sensor offset determined by calibration: 0.3°C for the Tinytag sensors, which exceeds their typical accuracy
and therefore represents a meaningful correction, and —0.004°C for the Geoprecision chains. The detailed
calibration procedure and the statistical overview of the offsets remain in Supplement Sect. 2.3.

Changes in the manuscript: Sect. 3.1.2: for the Tinytag: “Prior to deployment, we calibrated these sensors in
an ice-bath setup ... The mean offset was 0.3 °C, larger than the nominal accuracy and thus a meaningful
correction.” For the Geoprecision: “These chains were calibrated in a temperature-controlled alcohol bath ...
The mean offset was only —0.004 °C.”

R2.C19 (Line 136)
Why did you change antenna frequency?

Response: We understand the reviewer's point that the sentence, as written, states the different antenna
frequency at Alphubel without explaining why. We have therefore added the rationale for the choice. We used
100 MHz antennas at most sites as a conservative choice, providing good-quality bedrock reflections given the
expected ice thickness and the scattering from englacial water, while at Alphubel the steep terrain favoured the
more compact 250 MHz antennas, which still imaged the bedrock reliably.

Changes in the manuscript: Sect. 3.2 (GPR): “The choice of antenna frequency balanced penetration and
robustness against scattering on the one hand, and ease of handling on the other. We used 100 MHz antennas at
most sites as a conservative choice, ensuring good-quality bedrock reflections given the expected ice thickness
and the scattering from englacial water and inhomogeneities. At Alphubel, the steep terrain favored the more
compact 250 MHz antennas which still imaged the bedrock reliably.”

R2.C20 (Line 137)

What was the uncertainty of this receiver? Was this carried by the operator or mounted on the radar? If
carried by the operator has the data been offset?

Response: We have added the requested information. The Leica differential GNSS operated in real-time
kinematic (RTK) mode, providing centimetre-level positioning accuracy, and antenna elevations were
corrected for the offset between the GNSS and radar antennas and for the antenna height above the ground
surface. To put this in perspective, the centimetre-level positioning uncertainty is negligible compared with the
dominant geometric uncertainty in our analysis, the £5 m bedrock-depth uncertainty, which arises from the
manual picking of the basal reflection and the vertical resolution of the radar.

Changes in the manuscript: Sect. 3.2: “Antenna positions were tracked with a Leica differential GNSS
receiver operating in real-time kinematic (RTK) mode, providing centimeter-level positioning accuracy.
Antenna elevations were corrected for the offset between the GNSS and radar antennas and for the antenna
height above the ground surface.” Bedrock-depth uncertainty now stated explicitly: “We estimate the resulting
bedrock-depth uncertainty at approximately +5 m, arising from the manual picking of the basal reflection and
the vertical resolution of the radar.”

R2.C21 (Line 144)

How high a precision, do you have some measure of uncertainty?

Response: We have added the positioning uncertainty of the UAV GNSS system. The D-RTK 2 mobile
station provides centimeter-level RTK positioning, with a nominal accuracy of 1 cm + 1 ppm horizontally and
2 cm + 1 ppm vertically. As for the ground-based GNSS, this precision is well below the dominant source of



geometric uncertainty in our analysis, the +5 m bedrock depth, and is therefore not a limiting factor for the
results.

Changes in the manuscript: Sect. 3.2: “...a D-RTK 2 high-precision GNSS mobile station (DJI), providing
centimeter-level RTK positioning (nominal accuracy 1 cm + 1 ppm horizontal, 2 cm + 1 ppm vertical).”

R2.C22 (Line 212)

Split results and Discussion

Response: As described in our response to R2.C2, we have split the former combined section into separate
Results (Sect. 4) and Discussion (Sect. 5) sections.

Changes in the manuscript: Split into Results (Sect. 4) and Discussion (Sect. 5); see R2.C2.

R2.C23 (Line 218)

please add uncertainty to these and all measured temperature values, especially given the magnitude of your
data.

Response: We agree that measurement uncertainty should be stated explicitly. Rather than appending an
uncertainty to every value, which would impair readability, we have added a statement of the uncertainty
convention in Sect. 4.1: reported temperatures carry an uncertainty corresponding to the calibrated sensor
accuracy, +0.2°C for the Tinytag and +0.05°C for the Geoprecision sensors. We have also added the Tinytag
reading resolution (0.02°C) in Sect. 3.1.2, so that both sensor types now have a stated resolution alongside
their accuracy (the Geoprecision resolution, 0.0001°C, was already given). We note that these accuracies refer
to absolute temperature values; differences between sensors are resolved considerably more finely, since the
systematic offsets are removed by calibration and the resolution is well below the reported differences.

Changes in the manuscript: Added to Sect. 4.1: “Unless stated otherwise, reported temperatures carry an
uncertainty corresponding to the calibrated sensor accuracy, +0.2 °C for the Tinytag and +0.05 °C for the
Geoprecision sensors.” Added the Tinytag reading resolution (0.02 °C) in Sect. 3.1.2.

R2.C24 (Line 221)

what data is this referring to, please reference a figure

Response: The described amplitudes and depth-dependent phase lag are derived from the seasonal temperature
time series shown in Fig. 4 panel a-d. We have added an explicit reference to Fig. 4 at this point in the text.

Changes in the manuscript: Line 221: “...the temperatures at depths of 10 m to 15 m lagged roughly six
months behind the surface (Fig. 4 a—d)...”.
R2.C25 (Sections 4.2 & 4.3)

I'would present these sections clearly differentiating your results from your interpretation (whether it is or
isn't polythermal) to more easily split the results.

Response: We have split the manuscript into separate Results (Sect. 4) and Discussion (Sect. 5) sections, with
the mechanistic interpretation of the thermal structures, why they arise and what they imply, now developed in
the Discussion. We would like to be transparent, however, that we have deliberately retained a level of direct,
on-the-spot interpretation within the Results, in particular the classification of each site and borehole as
temperate, cold, or polythermal directly from the measured profiles. In our view, fully separating the
temperature values from their immediate meaning, for instance stating that a borehole reached 0°C without
noting that this indicates temperate ice, would make the Results substantially harder to follow, and this kind of
direct, data-level reading is difficult to disentangle from the presentation of the observations themselves. We
have therefore kept the immediate interpretation of what each measurement shows within the Results, while
reserving the broader interpretation of why these thermal structures develop, and their wider implications, for



the Discussion. We hope this provides the clearer separation the reviewer is looking for while keeping the
Results readable.

Changes in the manuscript: Split Results/Discussion (see R2.C2). Direct thermal classification kept in
Results (Sects. 4.2—4.3); mechanistic interpretation moved to Discussion (Sect. 5).

R2.C26 (Lines 296-314)

This section on GPR appears to me without a clear lead on, please see my suggestion for restructuring in main
comments.

Response: We agree the GPR results would read better with a clearer lead-in. This is now improved in two
ways. First, following the restructuring of the Methods to lead with the geophysics (see our response to
R2.C1), the GPR approach and its purpose as a spatially continuous proxy for the englacial thermal structure
are established before the reader reaches the GPR results. Second, we have added a lead-in sentence to the
GPR paragraph in the Results, framing it explicitly as complementing the borehole point measurements with a
spatially continuous view before the site-by-site comparison. Together with the separation of Results and
Discussion (R2.C2), we believe the GPR results now follow more clearly from what precedes them.

Changes in the manuscript: Added to the polythermal-sites Results: “To complement the point
measurements from the boreholes with a spatially continuous view of the thermal structure, we next consider
the radar profiles.”

R2.C27 (Section 4.4)

Here you are presenting interpretations before clearly laying out all of your results (GPR sections etc). This
should be clearly split.

Response: This is resolved by the Results and Discussion split. The section in question (former Sect. 4.4, firn
cover loss as the primary control) is now the opening section of the Discussion (Sect. 5) and therefore follows
the full presentation of the results, rather than preceding it.

Changes in the manuscript: Former Sect. 4.4 is now Sect. 5.1 (first Discussion section); see R2.C2.

R2.C28 (Pages 16-18)

small lines of text are hard to follow. Collate this text on a separate page top the figures.

Response: We understand the reviewer's point that the body text on these pages is fragmented into short
segments around the large figures (Figs. 6 to 8), which makes it hard to follow. This resulted from the
automatic placement of these full-width figures in the preprint layout. For the revised manuscript we have
adjusted the placement of these three figures so that the surrounding text runs more continuously and is easier
to follow. We note that the final layout of the figures and text is determined during the journal's typesetting of
the accepted manuscript, which will further optimise their arrangement.

Changes in the manuscript: Adjusted the float placement of Figs. 6-8 (now [tp]) so body text runs
continuously.

R2.C29 (Figures 6-8)

At present I am finding these figures hard to follow and my main questions are: ¢ Is the black dashed line in
panel A and C the isotherm or glacier bed, this is unclear when compared to panel B * I would invert your
temperature scale so it increases as it moves right across the page, this is more standard and coincidentally is
similar to the profiles drawn in panel A which will make it easier to follow. * I cannot see seasonal changes in
the figure given that it is average, consider integrating Figure 4 within this as this will make the changes
clearer « Symbology between each panel could be more distinct.

Response: We have reworked all three figures (Figs. 6 to 8) to address these points. (1) We have removed the
ambiguity around the dashed line: previously a dashed line denoted the 0°C isotherm in panel (b) but the bed



reflection in panels (a) and (c). We have replaced the dashed 0°C isotherm in panel (b) with a shaded grey
band, so a dashed line now consistently denotes only the bed reflection throughout, and the panel legends
explicitly identify the glacier surface (solid), bed reflection (dashed), and CTS (red dotted). (2) We have
inverted the temperature axis in panel (b) so that temperature increases from left to right, consistent with the
adjacent panels. (3) Regarding the seasonal changes, we have added the depth of zero annual amplitude (ZAA)
both to panel (a), as ticks per borehole, and to panel (b), as a horizontal line, so that the reader can see directly
in both views which depths are subject to seasonal variability and which are representative of the longer-term
thermal structure. We would prefer, however, not to integrate the seasonal time series (Fig. 4) into these
figures: they are already densely loaded, and the seasonal behaviour is presented and discussed separately in
Sect. 4.1. Combining the two would, in our view, reduce rather than improve the clarity of both. (4) We have
also made the symbology more distinct and consistent between panels, including a consistent spatial
orientation between panels (a) and (c).

Changes in the manuscript: Revised Figs. 6-8 (captions quoted under R1.C25): grey band for temperatures
above 0 °C and dashed line reserved for the bed reflection; inverted panel-(b) temperature axis; ZAA in panels
(a) and (b); consistent panel symbology.

R2.C30 (Lines 369-382)

An interesting discussion of the processes but this should be grounded in the established literature and
referenced throughout, lending credence to your argument.

Response: We agree that this synthesis paragraph should be more explicitly grounded in the established
literature. The mechanisms it describes are supported by the studies cited in the preceding Sect. 5.1, and we
have now added the relevant references directly within this paragraph at the points where each process is
invoked: meltwater percolation and latent-heat release in firn (Gilbert et al., 2012; Huss and Fischer, 2016;
Gastaldello et al., 2025), crevasse-facilitated meltwater access and the associated latent-heat warming at depth
(Phillips et al., 2010; Gilbert et al., 2019), strain heating (Cuffey and Paterson, 2010), and latent-heat loss
following firn loss (Wilson and Flowers, 2013; van Pelt et al., 2016). We have additionally introduced the
concept of cryo-hydrologic warming (Phillips et al., 2010) to explicitly name the crevasse-mediated latent-heat
process central to our argument, with Gilbert et al. (2019) providing the mountain-glacier context for this
mechanism.

Changes in the manuscript: Added the above citations at the corresponding statements in Sect. 5.2, and
introduced cryo-hydrologic warming, e.g.: “...creating englacial entry points for meltwater and further
supporting temperate conditions throughout the ice column via cryo-hydrologic warming (Phillips et al., 2010;
Gilbert et al., 2019).”

R2.C31 (Line 383)

This is not high elevation when compared to some other glaciated regions, rephrase.

Response: We use "high-elevation" here relative to European Alps, which is the relevant frame of reference
for a study of Swiss Alpine glaciers, rather than in a global cross-regional sense. Within the Alps, Alphubel
(up to 3890 m a.s.l., on the south face of a 4000 m peak) is high-elevation by any regional standard and is the
highest of our six study sites. We do not intend a comparison with other glaciated mountain ranges, where
absolute elevation standards differ substantially and are not relevant to the regional scope of this study, and
have therefore retained the original wording. We note a related comment from the other reviewer regarding the
elevation framing at line 413, which we have addressed separately by sticking to the actual elevation range
rather than relative labels; for this instance specifically, we retain "high-elevation" since it refers to Alphubel's
position within the regional context of the Alps.

Changes in the manuscript: No change at Line 383 (see Response); the related Line 413 label was removed
(R1.C29).

R2.C32 (Line 397)
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reference required

Response: We have added references supporting this configuration, citing Wadham et al. (2001) and Vincent
et al. (2012) for the drainage-inhibition mechanism, alongside Dutto et al. (1991), Bondesan and Francese
(2023), and Jacquemart et al. (2024) for documented cases of hazardous polythermal configurations.

Changes in the manuscript: Line 397: “...a frozen terminus combined with a temperate upper glacier (Dutto
et al., 1991; Wadham et al., 2001; Vincent et al., 2012; Jacquemart et al., 2024).”

R2.C33 (Line 400)

reference required

Response: We have added references for the relationship between elevated subglacial water pressure and
reduced basal friction. The statement now cites Iken and Bindschadler (1986) and Cuffey and Paterson (2010),
which describe how high subglacial water pressure lowers the effective pressure at the bed and thereby reduces
basal drag.

Changes in the manuscript: Line 400: “...basal friction may be substantially reduced locally (Iken and
Bindschadler, 1986; Cuffey and Paterson, 2010).”

Sincerely,
Janosch Beer, on behalf of all co-authors

11



Revised and new figures

For reference, we reproduce below the revised and new figures referred to in our responses above; each caption also
gives the figure's new number in the revised manuscript.
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Figure 1 (revised). Overview and detailed maps of the six study glaciers; scale bars added to each panel.
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Figure 2 (revised). Overview images of the six study sites; an arrow now indicates the location of borehole CVI1TT.
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Figure 5, revised (Fig. 6 in the discussion paper). Englacial temperature structure and radar reflectivity along Alphubel
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