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Answers to RC1

RC1: The paper “Permafrost distribution in steep slopes in Norway: measurements,
statistical modelling and geomorphological implications” by Magnin et al. presents a
new rock permafrost model for mainland Norway and draws conclusions of
permafrost distribution in rockwalls on current rock instability and landform
development. The authors installed more than 25 rock temperature loggers in 8 key
regions and used a sophisticated model approach to upscale their findings on the
rockwall thermal regime into a regional rock permafrost model. Rock permafrost in
Norway is responsible for a large number of rock instabilities that currently threaten
infrastructure and inhabitants.

Authors’ answer: At the current stage, the role of permafrost as a main cause of
rock wall instability in Norway is not clear, and neither the authors nor other studies
clearly claim that permafrost is responsible for a large number of rock instabilities,
especially in Norway. Our study does not draw any conclusions “on current rock
instability and landform developments”. Our conclusions are all related to the
outcome of the rock wall logger analysis and upscaling of the data to a national scale
using statistical methods (see P15 — L5-29 of the submitted version: there are no
conclusion points stating about rock slope instabilities and landforms).

RC1: In the past, these instabilities caused hundreds of deaths and the knowledge of
rock permafrost distribution as provided by this paper is required to mitigate ongoing
and future landslide hazards and risks. Therefore, the importance of this work is very
high. Unfortunately, the link of permafrost distribution to rock instabilities is poorly
addressed, ....

Authors’ answer: Yes, this is right. But, as mentioned above, the goal of this paper
is not to address the link between permafrost and instabilities. This is not feasible
with the existing data and our approach. However, we believe that our study is an
essential step towards assessment of the link between permafrost and instabilities,
and this could be addressed in future studies.

RC1: ... the use of chosen parameters of the model are incompletely explained, ...

Authors’ answer: in the revised version we added a paragraph in the introduction
about rock slope permafrost modelling which explains our choice in terms of model
parameters.

RCL1...results are insufficiently presented and compared to non-connected landforms
(moraine-derived rock glaciers) instead of existing instabilities.
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Authors’ answer: Since we do not address the role of permafrost for landform
developments and rock slope instabilities, we have not shown anything about
possible relations pointed out by RC1 in our results. We included the mentioned
points in this study with the intention to show that our results could be used to
address landforms and instabilities and therefore hint at possible applications to
address geomorphological questions in our discussion. In addition, we never use the
term “moraine-derived” for the rock glaciers inventory that we introduce in the
manuscript.

RC1: In addition, the reader needs knowledge on Norwegian locations to understand
the research set up.

Authors’ answer: Yes, we noticed indeed that some terms we use may confuse
some readers not familiar with the Norwegian settings and that we also referred to
locations that are not clearly displayed in any of the maps. We have corrected this
following the details comments. We have removed specific terms that were not
essential to the study (such as “Scandes”) and made sure that we only referred to
locations displayed in Figures.

RC1: In current state, the paper focuses on permafrost and lacks on geomorphology
and would be better suited for a journal focusing on periglacial phenomena than
Earth Surface Dynamics. However, a revision which address the shortcomings would
improve the manuscript and the suitability.

Authors’ answer: As mentioned above, here we strongly disagree with RC1, based
on our introductory statements above. We notice also that neither RC2 nor the
handling associate editor gave us a similar opinion.

RC1:

1) Link between permafrost and rock stabilities. Permafrost affects rock stability,
however, this effect can be both positive and negative, thus, permafrost affects
driving and resisting factors as previously discussed Krautblatter et al. (2013) and
Draebing et al. (2014). Permafrost aggradation for example following the LIA
causes cryostatic pressures (Wegmann et al., 1998), however, this does not
provoke ice segregation and large rock slope failures as suggested by the
authors. Ice segregation can be amplified by permafrost when active-layer thaw
increase rock moisture that can migrate towards the freezing front at the top of
the permafrost as identified by Murton et al. (2006). However, this effect is limited
to the upper 20 m of rock depth (Krautblatter et al., 2013), thus, the normal load
of the overlying bedrock would counter the effects of ice pressure. Therefore, ice
segregation cannot cause rock slope failure with shear planes below 20m depth.
The authors are not addressing further effects of permafost on instability. The
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instability of permafrost rockwalls is also affected by active-layer thaw that can
cause small-scale rockfall as conceptually discussed by Draebing et al. (2014)
and derived from rockfall inventories by Ravanel et al. (2010; 2017). Permafrost
warming and degradation increase instability as mechanically described by
Krautblatter et al. (2013) and can result in an increase of rockfall activity (Ravanel
and Deline, 2010). Due to these findings, several authors discusses a connection
between rock slope failures and quaternary climate fluctuations in Norway (Hilger
et al., 2018; Matthews et al., 2018). The authors should include these findings in
their introduction and in the discussion of their results. Beneath these permafrost
effects, rock slope stability is controlled by paraglacial effects which are non-
glaciated processes conditioned by former glaciation as the authors mentioned.
McColl (2012) and McColl and Draebing (2019) recently reviewed paraglacial
effects on rockwall stability and connection to permafrost dynamics.
Oversteepening of rockwalls results in stress redistributions and can prone
rockwalls towards instability. Thus, areas affected by permafrost are very often
also affected by current or former glaciation, paraglacial and periglacial effects
are hard to decipher. This can become even more complicated as paraglacial
adjustment can work over more than one glacial cycle (Gramiger et al., 2017).
The author introduce vaguely paraglacial effects without including any up-to-date
literature or discussing a potential influence. The problem of deciphering
periglacial and paraglacial processes should be addressed in the discussion.

Authors’ answer: Thank you for the detailed comment. We re-wrote the paragraph
to make it more accurate and aligned with the relevant literature (see the revised
introduction), including some of the points here mentioned. However, the given
explanation here goes far beyond our paper’s concern, and we kept a concise
paragraph. Additionally, we didn’t not address the following comment: “problem of
decipher periglacial and paraglacial processes”. This is worth a paper alone, and we
can have a long discussion about “periglacial” and “paraglacial” and other semantic
issues, and as mentioned in the beginning, we think this is not the objective of our
manuscript.

RC1:

2) The modelling approach The authors a priori chose a slope angle threshold of 40
to identify steep rock slopes. There is no geomorphic argument why this
threshold is chosen. Previous models by Hipp et al. (2014) and Steiger et al.
(2016) chose a threshold of 50- and 60- for steep rock slopes in Norway. Before
extrapolating the results to entire Norway, the authors should try to evaluate their
threshold. They can map rockwalls from orthophotos for small areas or data
subsets and compare them to rockwalls derived by their threshold approach to
test the sensitivity of their model.
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Authors’ answer: Thank you for this comment, which is totally correct. Depending
on the study such threshold varies because there is no strict DEM slope value above
which a real-world steep slope is accurately represented on a DEM. Furthermore, it
does not exist a scientifically-based threshold. The main characteristic of rock wall
permafrost is the absence of perennial, continuous and insulating snow cover in
winter. However, as mentioned in this comment, this can happen locally, not
continuously in space, in slope up to 75°. If we take slope > 75° on the DEM we use,
there will be almost no slopes left, because as all DEMS, it underestimates slope
angles due to data interpolation. In a dem, true vertical doesn’t exist, as the walls
have a certain horizontal extent, even if they are vertical. In addition, a systematic
comparison of a DEM slope angle to the real-world slope angle is not feasible over a
whole country and possible comparison at the local scale will be only valuable for the
considered area due to varying quality of the DEM over space. li has to be noted that
in the case of vertical walls, the aerial fraction within a km2 would be zero, even
though it could still have lots of walls in this area. We therefore decided 40° as it is
rather conservative: it includes mid-steep slopes more or less affected by snow but
does not exclude steep slope areas by taking a higher slope angle. This involves that
some slopes considered in our study may be affected by snow deposit and this is
why we provide interpretation-keys together with the permafrost probability value. In
the current state, it seems like the best possible option and we have explicated this
choice and its limitations in the revised version. See 2" paragraph of section 3.4 in
the revised version.

RC1: Also they could compare their derived rockwalls with the location of instabilities
mapped by Oppikofer et al. (2015).

Authors’ answer: Yes, this would be a nice addition. Unfortunately, this is not
feasible: see P13 L30-35 and P14 L1-2 of the submitted version. It is explained that
the instability database gathers many types of instabilities (not only steep rock slope
instabilities), that they are inventoried by a point at the middle of the slope (not
necessarily in its steepest part). Therefore, we did the best we can, taking into
account data limitations, which is still relevant to hint at possible research
perspectives.

RC1: The rock temperature loggers are installed following the approach by Gruber et
al. (2004) which choose the steepest part of the rockwall to limit effects of snow
accumulation. Therefore, the setup excludes snow cover, which can be present even
in rockwalls with a slope angle up to 75- (Haberkorn et al., 2015a; Haberkorn et al.,
2015b; Haberkorn et al., 2017; Phillips et al., 2017). Figure 5 shows that large
rockwall areas are covered by snow cover. A coarse DEM with a resolution of 10 m
will smooth out ledges that enable snow accumulation (Draebing et al., 2017;
Haberkorn et al., 2015a), therefore, the chosen resolution will limit the effects of snow
cover. Snow cover is also highly heterogeneous in space and time, which makes it
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very difficult to include in modelling approaches. However, the author should mention
and discuss this shortcoming of the model resulting from chosen logger locations and
DEM resolution.

Authors’ answer: Again, RC1 rises a valid and important point. In a local scale,
show is an important moderator of ground thermal regime even in steep rock walls
with ledges, and overall slope ruggedness. However, in our regional approach,
whatever the DEM resolution the snow effect will not be accounted for. Independent
of the DEM resolution, the model is either able to consider snow (e.g. physic-based
model for site scale), or the model does not account for snow, such as in our
approach (statistics, appropriate for large spatial coverage) and in that case the
capability of the DEM to represent ledges has no influence. We did mention and
discuss the lack of consideration for snow effect in our study, see in the explanation
of our modelling approach P7 L30-32 and P8 L1-6 and in the discussion P 12 L3-8
and 13-17. This is why we provide interpretation-keys with the probability map, to
consider the snow effect as at the current stage, this is the best we can do for such
statistic-based approach. It has to be noted that the Norwegian conditions are very
different than the conditions in the Alps, and that studies conducted on snow control
in the Alps cited in this comment are not strictly transferable to the Norwegian case.
Indeed, due to the dominant control of solar radiation on the permafrost distribution
and dynamics in the European Alps, the snow albedo strongly controls the snow
effect, especially on South faces (Magnin et al., 2017b; Haberkorn et al., 2017). In
Norway, the snow control on steep rock faces has not been investigated yet
guantitatively, and therefore we limit our explanations and discussion to what is
possible to say. We better explained how we handle the lack of consideration for
snow in the revised version, first in the introduction (3" paragraph), section 3.1 2nd
paragraph, First 3 lines of section 3.3. section 3.4 2" paragraph, section 3.5 31
paragraph, section 5.2 2" paragraph.

RC1: In their model, the authors simulate PISR using GIS. It is unknown which
latitudinal location and the time period they chose to run the PISR algorithm provided
by ArcGIS. Solar parameters show large changes between North and South of
Norway and model results should reflect this. The author should therefore provide
more information on the modelling approach and how they incorporate differences
within their data set.

Authors’ answer: We provide details (including time period and time resolution)
about the PISR calculation in P6 L24-35, P7 L1-3 and 5-7. The latitude is intrinsic to
the DEM, therefore for each grid cell the specific latitude is attributed and considered
in the calculation. This is why there are great difference between Northern and
Southern Norway, and that this is reflected in our results: P9 L14-35, P10 L 1-6 for
example, based on Figure 9. This issue is also further discussed P 11 L21-35.
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RC1: The authors classify permafrost occurrence based on bedrock setting. They
refer to Figure 5 where they highlight three areas and suggest different fracture
properties in these areas. From the photo alone, fractures or degree of fracturing is
not visible. It remains unclear where the fracture information comes from for e.g. local
sites or even entire Norway. However, the authors use this information to classify
permafrost into isolated, sporadic, discontinuous and continuous permafrost based
on a permafrost classification scheme for the Arctic. In Alpine areas topography has
strong control on permafrost distribution and the use of this scheme is limited. The
same authors use a permafrost probability approach in the Mont Blanc Massif
(Magnin et al., 2015; Ravanel et al., 2017), which is better suited. The authors
connect this scheme somehow to slope ruggedness and fractures but it is completely
unclear where they derive the information from necessary for the classification. If you
apply the classification to the rockwall in Figure 5 and assume the fracture properties
are correct discontinuous permafrost can be located in direct proximity to isolated or
spontaneous permafrost. It would make more sense to model rockwall permafrost
and compare every pixel to its neighbouring pixels to identify isolated, sporadic,
discontinuous and continuous permafrost.

Authors’ answer: In this case we think RC1 may have misunderstood. We classify
permafrost occurrence according to permafrost probability: P7 L22-25 of the
submitted version and also see Figure 9 for example. We refer to Figure 5 to give an
example of how to interpret the permafrost probability according to the bedrock
settings. It is the map user who is supposed to interpret the map according to the
bedrock settings in his/her area of interest, and Figure 5 only gives an example of
possible interpretation according to the state of the art knowledge. However, we
admit that using the term “fractured” might be confusing as we associate to surface
slope angle and ruggedness, which are not strictly linked. We therefore re-wrote the
legend of Figure 5 to avoid such confusing terms and developed our conceptual
approach to interpret the permafrost probability map in more details in the 2nd
paragraph section 3.5. Furthermore, the studies referred in this comment use a
similar approach as in this paper: calculation of a statistical distribution first, and
interpretation afterwards. But to be precise, in our study we use a slightly different
approach than in the referred studies, we calculated an index while in the present
paper we calculate a probability. In both cases, our approach is based on the state of
the art relevant for the investigated area.

RC1: Rockwalls are not uniformly distributed in Norway and conclusions on rock
permafrost occurrence cannot be used without normalization. Differences between
East and West Norway are caused by a decrease of rockwall occurrence and not
permafrost occurrence. Other periglacial landforms are abundant in the east and the
authors cannot conclude on permafrost distribution without normalization.
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Authors’ answer: We think that this is a highly relevant idea, but the argumentation
merely denies what we wrote in the submitted version: “Differences between East
and Western Norway are caused by a decrease of rock wall occurrence, not
permafrost occurrence”. This is exactly what we meant P11, L30-32: “The number of
permafrost observations decreases with continentality as most of the rock walls are
found close to the coast ....”. Maybe the fact that we did not precise “the number of
rock slope permafrost occurrences” have confused RC1 who thought about
‘permafrost observations” in general? As it is our results section focusing on rock
slope permafrost we thought it was not necessary to mention “rock slope” but we
added this precision in the revised version.

Additionally, normalizing the results will fade the topographical control (rock wall
occurrences and elevation) on our results, which is definitely not what we wanted to
show. We think that this is very important to show that permafrost distribution is also
a results of the topographical settings, and this is why we preferred to show all
observations in Figure 10 for example rather than normalized results. In this study,
we do not use rock walls as permafrost indicators, which in that case would make
sense to normalize the results before using rock walls to map permafrost distribution.
And we also explain in the submitted paper that the very few number of rock walls
occurrences in Eastern Norway makes a statistical analysis poorly relevant, including
normalization. We chose what we think is the most appropriate way to express our
results and therefore avoid normalization.

RC1: Comparison to rock glaciers and the use of instabilities The authors compare
their permafrost distribution to other landforms such as rock glaciers and found a
strong local connection to moraine-derived rock glaciers. Areas affected by rock
permafrost are very often previously glaciated and inhabit other periglacial and
glacial landforms. Permafrost rockwalls can produce material that can accumulate on
snowfields and with time, the material can develop into a talus-derived rock glacier.
The permafrost develops when debris-covered snow develops into ice via ice
metamorphosis. The permafrost in the rock glacier has no causal connection to
permafrost in the rockwall. Moraine-derived rock glaciers are developed from
creeping former dead ice and is more connected to previous glaciation. Due to a lack
of connection, a comparison makes no sense.

Authors’ answer: Again, we think RC1 has misunderstood something. Our paper
doesn’t claim a “strong connection” or causal between rock glaciers and rock wall
permafrost. We do not mention the rock glacier origin, and the term “moraine-derived”
rock glaciers is not used at all in our paper. Our paper simply shows in sect. 5.4 that
mapped active rock glaciers often are surrounded by rock wall permafrost. It
therefore suggests to explore the link between permafrost in debris slopes and in
rock walls. Our statement with this respect is as follows:
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“This underpins the interest for studying the connection of permafrost rock walls and

adjacent landforms which so far, to the author’'s knowledge, has not been directly
addressed. Indeed, permafrost dynamics can influence material supply pattern to
these landforms, as e.g. frost cracking varies greatly within and without permafrost
environments (e.g. Hales and Roering, 2007).”

RC1: The author should focus on their objectives and present directly from the
beginning the Norwegian rock instability inventory by Oppikofer et al. (2015). They
should test if their threshold-derived rockwalls include all instabilities. Furthermore,
they should compare their permafrost distribution to the location of instabilities. Can
you develop a relationship based on your data?

Authors answer: And again, we think RC1 has misunderstood, which of course
could be our wording or language. We have therefore clarified our paper’s objectives
in the title and in the introduction to avoid such misunderstanding are our objectives
are definitely not to present the rock instability inventory and its link with permafrost
as claimed by RC1. See other comments above the limitations of such study in the
current state. Defining a relationship between permafrost distribution and the slope
instabilities inventory is not feasible in the current state.

RC1: What would be interesting is to model future permafrost distribution as
previously done by Hipp et al. (2014) by using temperature increase scenarios. The
authors can compare future permafrost distribution to slow creeping rockslides (e.g.
Jettan) and other instabilities in the inventory and can draw conclusions of permafrost
degradation on potential instability sites. The map could identify hot spots of future
rock slope failures, which can be used for hazard mitigation such as planning or
zoning. This would be of more interest than comparing permafrost distribution to
other periglacial landforms.

Authors’ answer: Yes, this would indeed be interesting. It is a.o. therefore we
wanted to publish our results as a base line of rock wall permafrost distribution in
Norway. Like in Hipp et al., (2014) we of course work on calibrating transient heat
flow models for the study sites. Until now we have given priority to look on the
thermal history rather than the future, soon to be published in a PhD theses and
papers therein. We certainly will work on the future impact, but probably more site
specific. However, this is not the objective of this study.

RC1: In summary, this paper can be a very important contribution to Earth Surface
Dynamics if linkages between permafrost and instability are improved and coherently
discussed. The model set up should be better explained and sensitivity of the rock
slope angle threshold evaluated. The paper should focus more on rock wall
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instabilities, thus, the Norwegian landslide inventory provides a unique dataset and
comparison to current and future rock permafrost distribution would provide valuable
information for geomorphologists but also for hazards mitigation by the managing
authorities.

Authors’ answer: In the revision we better explained our model set up, also
following comments from RC2. We better detailed the choice of loggers’ locations
(section 3.1, 2nd paragraph) and slope threshold choice (see answer to former
comment about this point). Concerning the relationship between permafrost and rock
wall stability, see our introductory comments to this reply.

Answers to RC2

RC2: The manuscript presents an important study for a better understanding on how permafrost
is distributed within rock walls. It relies on a high number of rock temperature data and the
outcomes of the study are significant. The manuscript is rather well written, but sometimes the
text is a bit confused and thus not always easy to follow. The results are generally well discussed,
and the last section of the discussion presents interesting and original reflections. However, the
manuscript contains some issues, the most important one being that the model is not enough
clearly explained, as for the model parameters. The way on how the RST data were used to
calibrate the model must be much better explained. Some figures must also be improved,
because not enough clear or not enough explained. For non Norwegian people it is sometimes
difficult to follow. | present here after some general comments, and then more specific comments.

Author’s answer: We thank reviewer 2 for insightful comments, and try to address the points
raised above. Details of our revision are given in the following.

RC2: In the Introduction, a chapter on the different models used hitherto to predict the occurrence
of permafrost in rock walls is missing. What is the story of the research in this field ? Which
models were used ? Where ? etc.

Author’s answer: We have added a paragraph summarizing the history of rock slope permafrost
studies, with a specific focus on statistical approaches as this allows better introduction of our
study.

RC2: The method used to predict MARST must be better explained. It's not clear how the authors
used the measured MARST to predict MARST. In the equation (1), MARST is predicted from
PISR and MAAT only, and | guess the relation between MARST and PISR / MAAT is expressed
in the coefficients b and c, but it's not expressively shown. So this section is a bit confused and
needs then additional details.
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Author’s answer: We have provided more information about the modelling approach, by
providing first the statistical basis of multiple linear regression model as a first Equation, and
explaining how we link the 3 variables. See Lines 1-6 P6 of the revised version. Then, concerning
the statistical significance of each coefficients, this is provided in section 4.1 and we can not give
such information in the methods as this is purely results of our study.

RC2: The permafrost occurrence is defined when the rock surface temperature is i'C"c 0-C. This
is true for permafrost in equilibrium with current climate conditions, but permafrost can be present
at depth even with positive surface temperatures, due to thermal offset and thermal inertia. In this
case permafrost is not in equilibrium with the current conditions. This must be taken into
consideration. Obviously it is, since MAAT is calculated for the period 1981-2010, but this must
be better explained.

Author’s answer: Yes, this is entirely true and needs to be explicitely provided in the
interpretation of our permafrost probability map. We therefore added a few explanations about
this point in Section 3.5 in order to refine the interpretation keys.

RC2: The concepts of “lower limit of permafrost” and of “lowermost observations of the lower
altitudinal limit” (LAL) must be better defined. At this stage the difference is not clear it is not
evident to understand why the second was introduced.

Author’s answer: Yes indeed. We were not very clear with the use of these concepts. In section
4.2 we introduce the concept of LAL, and avoided the use of the «lowermost observation of the
LAL>».

“In Figure 9 we display the distribution of the lowest occurrence of each permafrost class (i.e. the
distribution of the occurrences of probability 0.1, 0.5, and 0.9) according to elevation and latitude.
We refer to these lowest occurrences as the “lower altitudinal limit” (LAL) of each permafrost
class.”

And we replaced the «lower limit of permafrost» by the «LAL» as it is basically the same concept,
but that we referred to in a different manner in the results and discussion sctions.

RC2: In the discussion chapter, section 5.3 is very difficult to follow. It contains many descriptive
parts that compare permafrost elevation in north and south faces with more gentle slopes in
specific locations, which are not always visible on Fig. 11. In the end it is very difficult to capture
the main message. | suggest to reorganize the text,to be more systematic in the comparisons,
and also more synthetic.

Author’s answer: We re-wrote this section following this comments. We removed parts of the
description to focus more the key message and hope it is clearer in the revied version.

RC2: Regarding FigureS3, there are huge differences between the outcomes of the two models.
This must be addressed in the text.

Author’s answer: When re-writing the section, we have given explanation to these differences.
See at the end of the 1st paragraph of section 5.3.
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RC2: The question of the influence of continentality on the permafrost occurrence and lower limit
should be also addressed more largely, and not only for Norway. Some studies (e.g. Sattler et al.
2016 for permafrost in New Zealand) showed that permafrost may reach lower elevations in more
humid locations than in continental ones.

Author’s answer: Thank you for reminding us this relevant study from Sattler et al. (2016). In the
revised version we reinforced our argumentation on cloud cover effect of maritime areas as
suggested in this study in section 5.2, but we did not extend the discussion on the continentality
too much in section 5.3 because it will center the discussion on gentle slopes permafrost while we
focus on steep rock slopes.
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RC2: Regarding the form, in the introduction especially there is a lack of transitions between
some sentences. It is often a juxtaposition of sentences, without any link. Ex. .1, 1.30, P.2, 1.13,
1.20. The text contains also many typos, especially in the Discussion sections. | noticed some in
the specific remarks below, but in the end, | renounced todo it for all the manuscript. So please
check them carefully.

Author’s answer: As mentioned in the introiductory words, we re-wrote the introduction and
hope it is better organized and more logic. Thanjk you for noticing some typos, we thoroughly
checked the entire revised version before submission.

Specific comments:
P.2,1.14. Why “in the” ? = that was a mistake, corrected

P.2, 1.16. Rock fall and rock avalanches are not agents, but processes, or events. = Right,
corrected

P.2. 1.22-34. How many of these 800 events triggered from potentially permafrost-affected rock
walls ? = this is unknown.

P.3,1.12. Geologists are also interested in the influence of permafrost on rock wall stability, so
choose a more general term than “geomorphologists”. = Right, we replaced by «earth scientists»

P.5, 1.2. This kind of sentence should be moved in thestate-of-the-art section in the introduction
= Done, we merged it with the new paragraph explaining the state of the art in terms of rock wall
permafrost modelling.

p.5, 1.3. Add a reference. = This is merged with the state of the art in the introduction, with
relevant references in the revised version.

p.5, 1.8. “therefore’means that from the former line we can directly derive the equation presented.
This is not so obvious. Please be more precise. Then | don’t understand how the coefficientsa, b
and c are calculated. = in the revised version we provide the statistical basis of multiple linear
regression models and explicit how the coefficients a, b and c are calculated in section 3.3 which
is the appropriate section for such explanation.

p.5, 1.9. It is unclear if the way to predict MARST is original in this study of if it has been already
proposed in former studies. = We have elucidated that comments with the new paragraph in the
introduction, the new lines introducing section 3.2, and added also some details in section 3.3
which is the most appropriate to give such information.

p.5, 1.16. The coma must be moved after “model” = done

p.6, 1.14. Unclear to what correspond those 85 MARST points.Due to different years ? = yes, we
stated it explicitely in the revised version.

p.6, 1.24 and following. It's unclear which DEM resolution the authors choose : 1 mor 10 m ? =2
At this line, the different DEMs have not been introduced yet. They are introduced 127-29. Then
we explain which are possible criteria to choose the DEM we use (hillshading effect or better
representation of the real-world topography). Then, L34-35 and P7 L1-2 we explain that finally,
we chose the DEM based on the best match with real world conditions at location of RST loggers.
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p.7,1.11. Fig 4, not 5 = True, we changed it

p.9 1.18. The “LAL” is not easy to understand. What is the difference with the lower limit of
permafrost ? Why defining this new concept ? = See answer to the general comment.

p.10, 1.3-6. The lower limit of discontinuous permafrost must be better defined (see my general
comments). = Yes, we improved it, see answer to former comment.

Fig. 10 does not show between 0-C isotherm and latitude. = True; we actually kept these
sentences from a former version where we fitted a linear regression between the LAL of
discontinuous permafrost and latitude, but finally removed it because it was not bringing
something completly new compared to Figure 9. We removed these sentences in the revised
version.

In the same section the decrease of the lower limit of permafrost northwards appears to be more
pronounced than the decrease of the LAL. How can the authors explain this ? And again, it is
really not easy to follow, the difference between the two concepts being not clear. = Yes,
regarding this comments, it is clear the the concept was not clearly explained and this is why
such a question arise. With the explanation at the beginning of the question, such question
should not arise. The Lower limit of permafrost is the same as the LAL, and this LAL decreases
northward for each permafrost class.

p.10, 1.8. Show on a map where the Caledonides are. Then, since most of the rock walls are
located in the interior mountain massifs they should also be located in more continental
conditions. Thus there is a problem of logic in this sentence. = Yes, this is true that this sentence
is not logic. We rewrote it to avoid confusion.

p.10, 1.26. Check the syntax. = Done, we rewrote it.

p.11,1.8....2 m AT. First, AT must be spelt out here (the reader may have forgotten the meaning
of the acronym). Second, fromwhere comes this 2m AT ? | did not find it in the method section.
= we wrote air tempertaure with plain text and removed the «2 m» as this was not a relevant
detail to understand the study and refers to details of Lussana et al. work.

p.11, 1.14-15 : Fig.13 (there is no Fig,. 15) = right! corrected
p.12, 1.3. Remove the coma after “both”. = Done

p.12, 1.5-8. A bit confused. Do not put such long explanations into brackets. = We rewrote the
sentence.

p.12, 1.26. Both figures 10 and 13 do not show this decreasing elevation of permafrost across
continentality. = This is true that for Figure 13, the link with continentality is less evident and we
rewrote the text accordingly.

Fig. 5. Indicate in the caption the significance of the yellow dots. = Done

Fig. 9. How can the authors explain the plateau between 62-N and 66-N ? = This is due to rock
wall distribution, and air temperature. We mentioned it in the submitted version P9 L23-24 but
rephrased it in the revised version to point ut out clearly.

Fig. 9 and 10. Please align the grid on the labels of the Y axis. = Done

13



10

Fig. 11. Please explain somewhere why the threshold 0.5 is used to create the CryWall map. In
the caption indicate what show the squares and the yellow circles. = Done.

Fig. 12. The maps are quite difficult to read. The legend must show the 6 colors present in the
map. | suggest to make the differences between the two used models clearer, by having more
distinct colors. Same remark for Fig. S3 andS5. = Here we chose to use the same color range
for both models because we want to make the different permafrost classes comparable between
the gentle slope permafrost model and the rock wall permafrost model (CryoWALL map). By
using different colors, it would be harder to directly compare the permafrost classes of the 2 maps.
Thus, this is not 6 colors but 3 colors with different transparency. Instead of changing the colors,
we have improved the legend as this is true that this was not clear and lead to confusion. We did
the same for Fig. S1.
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Abstract. Permafrost in steep rock slopes has been increasingly studied since the early 2000s in conjunction
with a growing number of rock_-slope failures, which likely resulted from permafrost degradation. In Norway,
rock_-slope destabilization is a widespread phenomenon and a major source of risk for the population and
infrastructure. However, the lack of precise understanding-knowledge of the permafrost distribution in steep
slopes hinders the assessment of its role in these destabilizations. This study proposes the first nation-wide
permafrost probability map for the steep slopes of Norway (CryoWall map), —H-is-based on a multiple linear
regression model fitted with multi-annual rock surface temperature (RST) measurements, collected at 25 rock-
wal_slope sites, spread across a latitudinal transect (59-69°N) over mainland Norway. The CryoWall map
suggests that discontinuous permafrost widely occurs above 1300-1400 and 1600-1700 m a.s.l. in the north and
south rock faces slepes—of southern Norway (59°N), respectively. This lower altitudinal limit decreases in
northern Norway (70°N) by about 500+50 m, with more pronounced decrease for south faces, in—+easenas a
result of the insolation patterns largely driven by midnight sun in summer and polar night in winter. Similarly,
the mean annual RST differences between north and south faces of similar elevation range around 1.5°C in
northern Norway and 3.5°C in southern Norway. The CryoWall map is evaluated against direct ice observations
in steep slopes and discussed in the context of former permafrost studies in various types of terrains in Norway.
We show that permafrost can occur at much lower elevations in steep rock slopes than in other terrains,
especially in north faces. We demonstrate that the CryoWall map is a valuable basis for further investigations

related to permafrost in steep slopes in both practical concerns and fundamental science.
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1 Introduction

Permafrost affecting steep bedrock slopes has been increasingly studied since the early 2000s in conjunction
with both the high frequency of rock -fall activity during hot summers (e.g.- Gruber et al., 2004a; Fischer et al.,
2006-; Allen et al., 2009; Ravanel et al., 2017), and the occurrence of high-magnitude rock-ice avalanches (e.g.
Haeberli et al., 2004; Sosio et al., 2008; Huggel et al., 2012; Deline et al., 2015). These increasing rock slope

failures bear both fundamental and societal concerns. They are essential events of periglacial and paraglacial

mass wasting processes (McColl, 2012) and of sediment transport (Korup, 2009). They are therefore important

processes of landscape development, but are also important sources of hazard, threatening infrastructures,

activities and individuals either by direct hit or by potential secondary effects, such as displacement waves and

catastrophic flooding through debris flows (e.g. Huggel et al., 2005; Romstad et al., 2009, Hermanns et al., 2013).

Investigations of the mechanical behaviour of frozen bedrock have demonstrated that permafrost dynamics

Permafrost-processes-affect rock-wall stability as much on short as on long time scales (days to millennia). B;-by
modifying-the-bedrock-and-ice-mechanical-properties{(Krautblatteret-al-—2013)—edrock warming modifies the

fracture toughness of rock bridges at depth > 20 m, preparing slow deformation and high-magnitude failures

while warming of ice-filled fracture joints at shallower depth is responsible for fast deformation and smaller

magnitude rock detachments (Krautblatter et al., 2013). Recently, the study of Mamot et al. (2018) have

established a new failure criterion to quantitatively predict the lowering of shear resistance of ice joints in

bedrock fractures resulting of both, warming and unloading due to preliminary failures. It explains that the shear

strength of an ice-filled fracture decreases by 64 to 78% when the shallow 4-15 m of the bedrock warm from -10

—Wwater circulation resulting of
el could
alse-accelerate the melting of ice-filled fractures -in-joints-(Hasler et al., 2011a), —while-hydrostatic-pressures

caused-by-hydraulic-permeability-of-ice-sealedfractures-also-addings to slope destabilization due to enhanced
water pressures (Fischer et al., 2010; Krautblatter et al., 2013)._The mechanical behaviour of frozen bedrock is

therefore closely linked to its temperature range and water phase changes. For this reason, assessment of

permafrost distribution and evolution in steep rock slope has been an important focus tackled by

geomorphologists within the past fifteen years.
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rock surface temperature (RST) sensors have been deployed in many mountain areas, especially in the European

Alps (e.g. Gruber et al., 2004b; Magnin et al., 2015a; Kellerer-Pirklbauer, 2017), but also in the Southern Alps of

New Zealand (Allen et al., 2009), in the highest mountain peaks of Norway (Hipp et al., 2014), and in British
Columbia (Hasler et al., 2015). Analyses of the recorded RST have shown that the primary factors controlling

permafrost distribution and changes are the incoming short-wave solar radiation (or sun-exposure) and the air

temperature (or elevation). Based on these findings, energy balance models have been employed to estimate the

spatial distribution of rock slope permafrost (Gruber et al., 2004b), and combined with heat conduction schemes

to assess its spatial patterns and evolution in typical alpine topographies (Noetzli et al., 2007; Noetzli and Gruber,

2009). Later, the accumulation of multi-year RST data over various mountain ranges has allowed the calibration

of simple statistical models explaining the mean annual RST (MARST) with potential incoming solar radiation

(PISR) and mean annual air temperature (MAAT) used to map permafrost over large areas (e.g. Boeckli et al.,

2012a; Hipp et al., 2014; Magnin et al., 2015b). Nevertheless, RST measurements have also hinted at a

significant control of snow accumulation on surface ruggedness, which has been investigated by mean of physic-

based models (e.g. Haberkorn et al., 2017; Magnin et al., 2017a). These numerical investigations have shown

that the high spatial and temporal variability of snow deposits in such steep slopes, due to the interaction of

various topoclimatic factors (slope angle, sun-exposure, wind transport, etc.), result in a highly variable and local
thermal effect, either warming or cooling the rock surface. This effect is therefore hardly accounted for in

statistical approaches, but can be qualitatively assessed to interpret permafrost distribution maps (Boeckli et al.,
2012b). These maps are essential bases to implement physic-based models in order to address the temporal

evolution of steep slope permafrost and its interactions with environmental variables in areas where no

temperature measurements are available (e.g. Magnin et al., 2017b). Furthermore, permafrost maps allow to link

the observed rock wall destabilizations with permafrost conditions (e.g. Ravanel et al., 2017), and are therefore a

key-step towards assessment of rock slope failures patterns and processes.

In Norway, the glacially shaped deep valleys and fjords are prone to mass-wasting processes. Rock_-slope
failures from the oversteepened slopes and potential secondary effects, such as displacement waves, represent
one of the mest-deadhydeadliest natural hazards in the country (Furseth2006;-Hermanns et al., 2012). Over the
last 500 years, approximately 800 events and 500 fatalities have been recorded threugheut-the-countryin Norway,
among which three displacement waves, triggered by major rock_-slope failures, caused the loss of 175 lives
during the 20t century (Furseth,-2006:-Hermanns et al., 2013; 2014). At present, more than 253 unstable rock
slopes have been mapped systematically, and are partly monitored periodically by the Nerwegian-geelogicat
survey-Geological Survey of Norway (Oppikofer et al., 2015). At one of seven rock_-slope instabilities, that are

continuously monitored because of the potentially severe consequences in case of failure, the role of permafrost
was_investigated with direct observations which allowed for a detailed assessment about the—its role of
permafrost-in local rock-wall dynamics (Blikra and Christiansen, 2014). Many of these unstable slopes are mest
likelypossibly located at or above the lower boundary of altitudinal permafrost. Thus, a systematic investigation
of steep rock slopes permafrost at the national scale is required in order to-{Hilgeret-ak—2018)—However-the
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ic assesssment of-its role in

the conditioning of rock slope failures.

Permafrost has been investigated in many different types of terrain at the site scale or national scale in Norway
and Scandinavia menitori i

Gisnas et al., 2013; 2016; 2017). The study of permafrost in steep slopes in Norway has recently started with

direct measurements of rock surface temperature (RST) in the high-elevated alpine areas of Jotunheimen and
Hurrungane (Hipp et al., 2014). Myhra et al. (2017) have simulated the permafrost evolution since the end of the
Little Ice Age (1880) to present, for steep mountain sites spread over a latitudinal transect over Norway. At the
national scale, a first-order estimation of the permafrost distribution in steep slopes has been proposed by Steiger
et al., (2016), based on a straight-forward empirical relationship between air and rock-wall surface temperatures.
Finally, Frauenfelder et al. (2018) studied ground thermal and geomechanical conditions in a permafrost-affected
rockslide site in Troms (northern Norway). It is likely that changing rock and ice-temperatures, due to general

warming and in response to the extreme warm previous year, have played an important role in this detachment.

Knowing the current distribution of permafrost is not only a prerequisite to assess its past, present and future
variability, as—well—asbut also to provide key-knowledge and tools to land_use-planners and earth
scientistsgeomerpholegists. Thus, the lack of precise knowledge regarding the nation-wide distribution of steep
rock slope permafrost is a major gap for both fundamental research and practical concerns_in Norway. Therefore,
we have monitored the RST at 25 measurement points, covering various aspects and elevations across a
latitudinal transect of Norway. With the collected data we to-(i) characterize the thermal regime in steep-rock
slopes, (ii) calibrate a statistical model of RST and (iii) map permafrost probability for steep-rock slopes at the
national scale. In this paper, we present (i) the measurement settings and strategy, (ii) the approaches for
statistical modelling and permafrost probability mapping, and (iii) the permafrost distribution in steep slopes at

the national scale and for local areas of interest.

2 Study area

The Norwegian mainland has a land area of c. 350000 km?, and is dominated by the Scandinavian mountain
chain-ef-the-Seandes, stretching between 57 — 71 °N through Norway and Sweden over a distance of more than
2000 km. Scandinavia forms a tilted margin, with highest elevations (culminating at 2469 m a.s.l.) found

towards the western coast, and decreasing towards the east and the Bothnian Sea. The area has undergone
multiple glaciations during the Pleistocene, with the largest glaciations covering northern Europe completely
several times during the last c. 1 Mio. yrs (e.g. Kleman et al., 2008). Most of the land area in Norway is
dominated by gentle relief landscape (Etzelmiller et al., 2007), probably preserved under cold-based ice
conditions during the major glaciations (e.g. Kleman et al., 1999). Steep slopes and rock walls are mainly
associated to four types of settings (e.g. Steiger et al., 2016): (i) steep valley sides associated to large U-shaped
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valleys which drained the ice sheets during the glaciations, (ii) rock walls formed by local glaciations, mostly
located along the western coast of the country and within the highest mountain regions of central southern
Norway, (iii) rock walls associated to overthrusted nappes, sueh—as—in—Hallingskarvet—and (iv) rock walls
associated to steep river incisions—such-as—Aka—canyon—{Cavin—in-Sami)-in-Finamark. High-relief areas of
Norway have experienced a high rock -slope failure activity throughout the late Pleistocene and Holocene, with a
peak shortly after deglaciation (Bohme et al. 2015, Hermanns et al. 2017). The result is a high density of rock -
slope failure deposits and-coHuvial-slopes-(e.g. Hilger et al., 2018), both in western and northern Norway. Fhe

In general, the lower limit of mountain permafrost in Scandinavia decreases from the western coast towards
eastern Norway and north-western Sweden, while the glaciation limit increases from west to east (e.g. King,
1983, 1986; Etzelmiiller et al., 2003a). These gradients follow the climatic setting, with the maritime climate
along the western coast (moist and high snow cover) gradually changing towards a more continental climate in
the eastern parts of Norway (dry and less snow cover). In southern Norway, permafrost is mostly associated with
bedrock in mountain settings, with coarse ground moraines and regolith (Farbrot et al., 2013; Gisnas et al., 2013;
2017; Christiansen et al., 2010; Westermann et al., 2013), with the lower limit of discontinuous permafrost
decreasing from c. 1600 m a.s.l. in the west to ¢. 1200 m a.s.l. in the east (Etzelmaller et al., 2003a). In northern
Norway, on the other hand, the permafrost limit decreases from 800-900 m a.s.l. in the western mountains of
Troms county, to 200-300 m a.s.l. in more continental areas, where it is often found in depressions characterized

by peat plateaus (Borge et al., 2017).

The ongoing thawing and degradation of permafrost since the Little Ice Age (LIA) is likely to continue within
the 21%t century, with the lower altitudinal limit projected to rise up to 1800-1900 m a.s.l. in southern Norway
(Hipp et al., 2012). Projections at the national scale based on an equilibrium model suggest that stable permafrost
will be confined to 0.2% of mainland Norway by the end of the 215t century while it occupies about 6-6.5% of
the ground at present, and was extending over 14% of the ground at the end of the LIA (Gisnés et al., 2013). At
present, we can expect considerable areas in Norway with thawing and degrading permafrost, which at greater

depths is likely also a transient response to post-LIA warming.

3 Methods
3.1 Rock surface temperature monitoring
During the summers of 2015 to 2017, twenty-one temperature loggers (Geoprecision, M-Log5W-ROCK) were

installed in eight mountain areas to record RST at-a-depth-of-10-em-with a 2-h interval (Fig. 1). Together with the
remaining four out of five temperature loggers installed in 2010 in Jotunheimen (Hipp et al., 2014), a network of

twenty-five temperature loggers was available for this study. In order to represent a wide range of climate

settings, they were distributed between 60.33° N and 69.46°N, from 230 to 2320 m a.s.l., and in various aspects
Table 1, Fig. 2, Fig. S1).
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The installation procedure followed the approach described by Gruber et al. (2004a2004b) by placing sensors at

a depth of 10 cm and well above flat ground to avoid rapidly fluctuating surface temperature prone to erroneous

measurements and ensure snow-free conditions. Fhis-Thick snow accumulation over the logger would make the

recorded RST unsuitable for statistical modelling since-it-is-unreliable-to-account-for snow-in-such-approaches:

because its thermal effect is not linear and depends on a variety of parameters that are highly fluctuating in space

and time in high-elevated and high-relief environments such as the snow thickness, duration and time period of

the accumulation, the sun-exposure of the affected rock face, and the snow pack thermal properties (Haberkorn
et al., 2015; 2017; Magnin et al., 2015a; 2017a). Boeckli et al. (2012a) have shown that a precipitation or a

“seasonal” variable have no statistical significance in their “rock model”, and confirmed that accounting for

snow _in statistical approach of steep rock slope permafrost is so far, hardly feasible. Fhis-is-due-to-the-high
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In this study, we therefore predict the Mean-AnnualRSTMARST (MARST ) for the steep slopes of Norway as

follows:

MARSTpred = & + PISR x b + MAAT X ¢ (22)

where a- is the MARSTreq Value when PISR and MAAT are equal to 0, PISR and MAAT are respectively the
Potential Incoming Solar Radiation (PISR) and the Mean Annual Air Temperature (MAAT) at measured

RSTlegger positions, with their respective coefficients b and c to be calculated. We therefore use the measured

RST over several years to calculate a sample of MARST, for which we then calculate the PISR and MAAT at

their locations (see following section for preparation of these variables) to fit the regression displayed in

Equation (2) and calculate a, b and c using R (R Core team, 2013).

The model performance is assessed by the R?, RMSE (Root Mean Square Error) and MAE (Mean Absolute
Error), while the model residuals (measured MARST-MARST,q) are used to evaluate the suitability of the data
sample for the linear regression model. We further performed a repeated ten-fold cross validation approach,
which allows testing the model performance by partitioning the data set into ten sub-samples from which nine
are used to fit the model, while; one is kept to test the model (Gareth et al., 2014). The process is then repeated
for each sub-sample and the means of the calculated R?2, RMSE and MAE for each run are then provided to
evaluate model performance (RMeR%,, RMSEc, and MAE). Ten folds balance the possible bias or high

variability associated to respectively low and high fold numbers.

Finally, the probability of permafrost occurrence P(p) is expressed by the probability of MARSTyreq at a given
location to be < 0°C. To calculate p, MARST yeq is first transformed into a normal variable (MARSTorm) of

mean = 0 and variance ¢ = 1 with:
MARSTnorm = ('MARSTpred - upred) /Upred (2§)

In which Ppres and opreq are the mean and standard deviation of MARSTreq, respectively. The negative sign

associated to MARSTrd is necessary since we calculate the probability of MARSTyeq to be negative.

In the final step, p is calculated using a logistic approximation of the cumulative normal distribution developed
by Bowling et al. (2009):

P(p) = ! (34)

+e—(o,o7oss X MARSTnorm® +1.5976 xMARSTnorm)

which ensures simplicity and accuracy in the permafrost probability calculation by guaranteeing a maximum
absolute error in probability < 0.00014 according to the comparison of Eq. (3) with the cumulative standard

normal distribution (Bowling et al., 2009).
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3.3 Calculation of model variables_and model parameters

In order to ensure the best possible fit between the measured MARST, calculated PISR and MAAT, suitabitity-of
the-collected-RST-time-seriesfor-linearmodeHing-a preliminary visual prelimainary-data control is performed_to

detect possible snow control which would decorrelate the surface temperature from the air temperature and

incoming solar radiation. To do so, Bdaily means are computed from RST hourly records and plotted against

local air temperature (AT) measurements (Fig. 3). Smoothing of the temperature curves and disconnection with
AT oscillations are identifiedhunted, since they indicate thick snow accumulation (Hanson and Hoelzle, 2004)
} } } } . For all our RST
time series, we notice that Bdaily RST data usualy-follows AT oscillations throughout the year (Fig. 3). In

summer, the sensors, which are most exposed to solar radiation record higher RST than sensors located in

shaded area, and higher RST than air temperaturebe

No obvious smoothing of the daily RST is found in the presented time series, making them all suitable for

statistical modelling.

After this visual check, daily RST data are aggregated to mean annual values (MARST). For the eight loggers at

Mannen, in Jotunheimen and in Alta, we retrieve the data before achieving a full last year of measurements.

Therefore a few days are missing to allow calculating MARST over complete years and we filled the the-recerds

gapsmissing data for the last few days are-filled-by fitting a linear regression with local AT measurements (daily

averages). For this, AT time series showing the best correlation with RST time series were chosen (Table 2, Fig.

S1). The RST data processing provides 85 MARST multi-year measurement points to fit the regression model.

MAAT for the measurement period is calculated for each MARST point, using local meteorological records at
different elevations, from which a lapse rate is calculated. AT data were retrieved from the eKlima portal
(http://sharki.oslo.dnmi.no/portal/page? pageid=73,39035,73 39049& dad=portal& schema=PORTAL) from
the Norwegian meteorological institute. Similarly to the RST reconstruction, weather stations are chosen based
on the best correlation between daily AT and RST records. To derive the most accurate MAAT during-at
location of the RST measurement—periodloggers, we calculate the lapse rate at a daily time step between

relatively low- and relatively high-lying weather stations. When AT records are incomplete, an average lapse
rate is calculated for the period of the gap (two months overlap on each side of the gap) and for each of the
recorded years. This yields a standard lapse rate value for the period of the gap, taking into account that lapse
rate values can vary significantly throughout seasons. The meteorological data used to reconstruct MAAT at
each of the MARST locations are presented in Table 3.

The PISR is then calculated for each MARST point at an hourly resolution over one year and considering a
transmissivity of 100% (no atmosphere) using the Spatial Analyst tools of ArcGIS (© ESRI, Redlands, CA,
USA). PISR is highly sensitive to topographical settings (sun-exposure, slope and viewshed), and thus highly

dependent on the quality and coverage of the DEM. For the Mannen, Narvik, FI&m, Loen and one of the K&fjord
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(Gammanjunni) sites, 1 m resolution DEMs were available (Norge digital), while a 10 m resolution DEM (©
Statens Kartverk, Norway) is available for entire Norway. The 1 m resolution DEMs only cover the relevant
summits, meaning that and-relief shading effects from the surrounding peaks is neglected in the PISR calculation.
We therefore conducted Aa sensitivity test of the PISR to relief shading based on the 10 m resolution DEM, and

tested the effect of DEM resolution on the calculated PISR to choose which DEM to use for the final PISR

calculation at logger locations. The test indicates that the relief shading effects are marginal on the summits, with

maximal differences of 50 Wm-2, while the effect of the resolution is crucial, especially close to the summits and
ridges_(see Fig. S2). This is due to the sharp topography which is hardly represented in medium-resolution DEM
and can lead to differences ranging above 100 Wm-2. We chose the PISR values to attribute to each MARST
point by averaging 3 to 5 pixel values best matching the measured topographical parameters (slope angle, aspect
and elevation)_considering both DEM resolutions (1 m and 10 m), regardless-of-the-DEM-reselution-since the
slope angle and sun-exposure have a primary role compared to the relief shading effect. Results of the sensitivity
analysis are provided in the Supplement together with the MARST, MAAT and PISR data used to fit the

multiple linear regression model (Fig. S1S2, Tab. S1).

3.4 Permafrost mapping

MAAT and PISR are first mapped over the entire country based on the 10 m resolution DEM. The PISR is
calculated using the same parameters as for the model explanatory variable: hourly time step and 100%
transmissivity. The MAAT is mapped using the SeNorge2 dataset, which is interpolated from in-situ temperature
observations over grid point elevations at 1 km resolution (Lussana et al., 2017), and daily AT grids available
from 1957. For the downscaling to a 10 m resolution, we first averaged daily AT data of the normal period 1981-
2010 to generate a 1 km resolution MAAT raster. Then, for each 1 km grid cell, an average lapse rate is
calculated over a radius of 25 km (Fig 54). This regional lapse rate is then used to interpolate 1km MAAT grid to
a 10 m resolution. The 25 km radius ensures a precision at the regional scale, representing the relatively high
lapse rate of the maritime coasts and the relatively low lapse rates in the more continental areas, while smoothing

local patterns and possible artefacts.

MARST,rd and permafrost probability are then mapped by implementing Eq. (42) and (34) in a raster calculator.
Since the model is only valuable for steep slopes with restricted snow and debris covers, the map is only
produced for slopes > 40°, which is a conservative threshold above which a 10 m resolution DEM is expected to
display steep slopes._Indeed, DEMs tend to underestimate slope values and taking a higher threshold value

would exclude a large part of possible steep slopes. This however entails that slopes with possible snow deposit

are considered in the mapping step. Nevertheless, the interpretation provided in the following section allow to

interpret permafrost probability according to the rock face characteristics (slope angle, ruggedness and possible

snow accumulations).
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3.5 Permafrost classes and interpretation keys

The permafrost probability is calculated as a continuous variable ranging from 0 to 1 which is then classified into

four permafrost classes according to the international permafrost classification standards (Brown et al., 1997):

- continuous permafrost for p > 0.9
- discontinuous permafrost- for 0.5<p<0.9
- sporadic permafrost for 0.1 <p < 0.5

- isolated permafrost is-for p < 0.1

Similarly to the Alpine-wide Permafrost Map covering the European Alps and its index interpretation keys
(Boeckli et al., 2012b), the here proposed permafrost classes are interpreted against local bedrock settings
favourability to snow accumulation (Fig. 5) and possible cooling effect of dense fracturing allowing air

ventilation (Hasler et al., 2011b). Indeed, Generatty-fractured, mid-steep and rugged bedrock surfaces ef steep
bedrock-—slopes-are generally characterized by colder conditions than vertical, unfractured and smooth bedrock

surfaces because they allow snow accumulation, eventually debris accumulation and air ventilation in fractures,

which all have an overall cooling effect (Hasler et al., 2011b; Magnin et al., 2015a; 2017a; Haberkorn et al.,

2015). Nevertheless, snow cover can in some rare cases (thick accumulation in shaded rock faces) rather warm

the rock surface compared to snow free conditions due to thermal insulation (Magnin et al., 2015a; Haberkorn et

al., 2017).- Finally, the transient effects of past colder conditions have to be addressed also in the interpretation

of the permafrost probability map.Fhis-is-the result-of the-effecto

Therefore, the specific effects of snow accumulation, non-conductive heat transfers in bedrock clefts and

transient effects from past climate that are not accounted for in our statistical approach have to be considered

when interpreting the permafrost map for specific sites.

C{Fig—5)—Continuous permafrost thus suggests its existence in all conditions, regardless of the bedrock
conditions lecal-settings. Discontinuous permafrost, the lower boundary of which corresponds to MARSTyred =

0°C, suggests that it exists in most of the rock faces, except those that-that are (sub-)vertical and compact_and

substantially exposed to sun-beams (mostly all aspects except North), or eventually north faces with thick snow

al—2045)-Sporadic permafrost suggests that the MARST is most likely positive, but that permafrost can exists at
depth because of permafrost-exists-only-if-the-local-settings-are-very favourable_conditions, meaning that the

slope surface is substantially rugged and therefore more significantly fractured, covered by heterogeneous and

24



10

15

20

25

30

non-insulating snow and possible debris_retention, or because of transient effects. Finally, isolated permafrost

refers to isolated and perennial ice bodies found in open bedrock fractures at relatively low elevation.

4 Results

4.1 Model variables and summary statistics

The lowest MARST registered over the measurement period (Tab. 4) is found at Juv_4S (-4.9°C), the second
highest measurement point, —in 2012-2013, while the highest MARST (3.5°C) is registered at Fla_S in 2017-
2018, which is the most sun-exposed sensor installed at the lowest latitude. The minimum and maximum MAAT
values, respectively -5.9 and 0.4°C, are found at the highest and lowest measurement points;—+espectively: i.e.
Juv_Eh5 in 2010-2011 and Alt_S in 2016-2017. The lowest PISR value (10 W. m?) is at Fla_N, the most shaded
sensor of the lowest latitude, and the highest one (295 W.m?) is at Adj_S, a high-elevated and south-exposed
logger in northern Norway (Fig. 5).

At eleven loggers, the measurements directly suggest permafrost occurrence (negative MARST every year).
Permafrost-free conditions (positive MARST every year) are suggested at nine loggers with recorded MARST
consistently > 1°C, and possible permafrost, with MARST oscillating between -1 and 1.5°C is found at 5 loggers
(see Tab. S1). The presence of permafrost is nevertheless not excluded where positive MARSTS are recorded,
because of the transient effect at depth from former colder periods (Noetzli and Gruber, 2009; Myhra et al.,
2017), and a possible temperature offset (i.e. temperature difference between the surface and depth) resulting

from the fracturing and snow deposits (Hasler et al., 2011b).

The MARST difference between north-exposed and south-exposed faces is around 3.5°C in southern Norway
(e.g. 3.5°C at Fla_S and 0.2°C at Fla_N in 2017-2018), while it is around 1.5°C in northern Norway (e.g. 0.2°C
at Adj_S and -1.4°C at Adj_N in 2015-2016). This difference between northern and southern Norway coincides
with higher PISR values at north-exposed slopes of northern Norway, with for example 100 W.m2 more at
Adj_N or Gam_N than at Fla_N or Man_N.

Table 5 summarizes the statistics of the regression model. For most of the measurement points, the MARST is
generally higher than the MAAT (Fig. 6a) and the difference between MARST and MAAT (surface offset)
increases with increasing PISR (Fig. 6b), confirming previous studies of steep bedrock thermal characteristics
(Boeckli et al., 2012a; Magnin et al., 2015a). The surface offset ranges from 0 to 4°C, the highest values being
found at the most sun-exposed sites, mostly located in high-elevated south-, east- and west-exposed faces
whatever the latitude (Fig. 6b, Tab. S1). In some rare cases, the MARST is sligthly lower than the MAAT (Fig.

6a), which indicates possible lecal-factors locally cooling the most shaded rock faces (wind or ice_accretion for

example). An increase of 100 W.m2 induces an increase of about 1°C in MARST and is equivalent to an
increase of 1°C in MAAT. The adjusted R2, RMSE- and MAE demonstrate the good fit of the model, which is
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corroborated by the consistency of these values with those of the R%,, RMSE., and MAE., ({Tab. 5)-frem-our
eross-validation—procedure. The model residuals confirm that the data sample is well suited for the chosen

statistical approach (Fig. 7): they are randomly distributed around 0°C, and no noticeable outlier is detected.

4.2 Permafrost distribution in steep slopes

Steep slopes represent almost 2% of the surface area of mainland Norway, constituting about 7300 km? between
sea level and 2460 m a.s.l. (surface area covered by slopes > 40° on the 10 m resolution DEM). The rock wall
surface area is unequally distributed across latitudes with almost 20% lying between 61 and 62°N (Fig. 8a),
where the highest peaks of Norway are -located-(Fig. 8b). West-facing slopes are generally predominant (30%),
while south-exposed faces are less frequent (20%), and north and east facing-slopes each represent a quarter of
the steep slope surface area. However, this glebal-national pattern is not constant across latitudes, with for

example, predominantly north-facing slopes between 65 and 67°N (Fig. 8a).

Continuous permafrost occupies about 2% of the rock wall surface area, discontinuous permafrost about 9% and
sporadic permafrost about 20%, meaning that 31% of the rock wall surface area features a permafrost probability
> 0.1 and 11% a probability > 0.5.

In Figure 9 we display the distribution of the lowest occurrence of each permafrost class (i.e. the distribution of

the occurrences of probability 0.1, 0.5, and 0.9) according to elevation and latitude. We refer to these lowest

occurrences as the “lower altitudinal limit” (LAL) of each permafrost class. In the southernmost part of Norway
(58°N), sparse occurrences of sporadic permafrost are found as low as 830 m a.s.l. in all aspects, except south
(Fig. 9). Discontinuous permafrost occurs from 59°N with-the-lowermost-observations—of-the-loweraltitudinal
Himit-(EAL)atas low as 1150 m a.s.l. in north faces, and 50% of the LAL observations above 1300-1400 m a.s.l..
At the same latitude, sparse occurrences of continuous permafrost are found from 1700 m a.s.l. in north and east
faces. Continuous permafrost is more widespread at 61 and 62°N, in accordance with rock wall frequency and
elevation. The 1¢t quartile of the observations of LAL of continuous permafrost is around 1500 m a.s.l. in north
faces, 1700 m a.s.l. in east and west faces, and 1900 m in south faces. Little permafrost is found in the steep
bedrock slopes between 63 and 65°N, concordant with rock-wall frequency and elevation, and therefore result in

a plateau-like pattern in the distribution of permafrost across latitude. From 67 to 69°N, continuous permafrost

exists mostly above 1100 m a.s.l. in north faces, 1200 m a.s.l. in east and west faces, and 1400 m a.s.l. in south
faces. The LAL for discontinuous permafrost decreases from 900 to 700 m a.s.l. in north faces, over 800-900 m
a.s.l. for east and west faces, and down to 1000 m a.s.l. for south faces between 67 and 69°N. Sparse occurrences
of discontinuous permafrost are found as low as 50 m a.s.l. in all aspects at 69 and 70°N. At 70°N, the highest
permafrost probability reaches a maximum value of is-0.9, meaning that continuous permafrost is mostly absent,
mainly because the-elevation-ef-rock walls rarely exceed 1000 m a.s.l..
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The medians of observations of the LAL of each permafrost class decrease by about 500+50 m from southern to
northern Norway, decreasing by about 50 m with every degree northwards for north facing slopes, and with-by
58 m for the south facing slopes. For example, the median of the observations of the LAL of discontinuous
permafrost at 60°N is at 1210 m a.s.l. and 1580 m a.s.l. in the north and south faces respectively, and at 760 m
a.s.l. and 1060 m a.s.l. at 69°N. In southern Norway, permafrost therefore exists 350 to 400 m lower in north
faces compared to south faces, while it is found only 200 to 250 m lower in northern Norway. These decreases in
the LAL of permafrost classes according to latitude and aspect do not appear linear (Fig. 9) because the rock-

wall distribution significantly controls this relationship (Fig. 8). Hewever-there-is-a-high-correlation-between-the

on-of-the 0° otherm-lowerlimit-of discon ous-permafro nd-la de a—10 he-lowerlim

The number of rock slope permafrost observations decreases with continentality (Fig. 10) as most of the rock
walls are found in-the-Caledenides-close to the coast and in the interior-western mountain massifs of southern

Norway such as Jotunheimen, Rondane or Dovrefjell (Fig. 11). a-relation-to-continentality,—the-This decrease in
observations makes a statistical analysis of permafrost distribution according to continentality poorly relevant.

Nevertheless, we note that the lowermost occurrences of discontinuous permafrost in north faces of southern
Norway are found at the furthest distance from the sea, in Sglen, Sennsjgkampen, and the border with Sweden in
the Nesjgen area (Fig. 10 and 11). In northern Norway, the lowermost occurrences of discontinuous permafrost
are not found near the coast, but further inland (about 25 to 50 km away from the sea, Fig. 11). At such distance,
low-elevated rock walls (< 200 m a:s.s.l.) are mostly found in river canyons, such as at the Alta, Reisa or Tana
rivers (Fig. 11). It is also noteworthy that in the-general, the dominant areas of permafrost rock walls are located

west of the main distribution of permafrost in Norway according to e.g. Gisnas et al. (2017).

5 Discussion

5.1 Model evaluation

To evaluate the permafrost probability model, we compare the permafrost probability map for the steep slopes of
Norway, named “CryoWall map” in the following, to the rare permafrost evidences and studies in steep slopes of

Norway. Unlike gentle slope permafrost, on which preduces-typical landforms, such as rock glaciers or palsas

and peat plateaus_occur, permafrost in steep slopes only becomes evident by ice in rock fractures or failure scars.

In northern Norway, Blikra and Christiansen (2014) observed sporadic permafrost in the fractures of the Jettan
rock slide, extending from 400 to 800 m a.s.l., which is corroborated by the CryoWall map (Fig. 11 and 12a).
About 45 km southwest of Jettan, the detachment of a 500,000 m3; in-June-2008-rock mass detached-uncovered
ice in the scar from the eEast face of Polvartiden (1275 m a.s.l.)_in June 2008.;-frem-an-elevation-0f 600-m-a-s:k
uncovering-ice-in-the-sear- Frauenfelder et al., (2018) simulated permafrost in the Polvartinden summit by mean
of 2D numerical modelling tools based on several years of rock wall temperature information. These simulations

estimated a lower limit of permafrost (0°C isotherm) at about 650 m, which is the top of the rock slope failure
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and the lower limit of discontinuous permafrost (also 0°C isotherm in our approach) suggested by the CryoWall
map (Fig. 12b).

In southern Norway, Etzelmuller et al. (2003b) report that ice was found during construction work in the 1950s
at about 1500-1600 m in the bedrock of Gaustatoppen (1883 m a.s.l.), where the CryoWall map indicates
discontinuous permafrost (Fig. 12c). Gaustatoppen is made of Precambrian quartzite, prone to macrogelivation
and therefore to the producing of geometric blocks (Sellier, 1995). Combined with slopes rarely exceeding 55°,
this results in a significant debris cover, favouring snow accumulation in winter and permafrost persistence, even
with a relatively low probability value. Protruding rock outcrops also exists at Gaustatoppen, but they are
generally highly fractured and covered by thin snow in winter, which makes them also favourable to permafrost
persistence.

In relation to the study by Steiger et al. (2016), this approach is an improvement as (i) we calibrate our model
with observations and therefore account for the important influence of topographic aspect, (ii) we use an updated
and improved spatial interpolation method for 2-m-AT-air temperature that has been used to build the SeNorge2
dataset (Lussana et al. 2017), and (iii) we downscale AT using a regional lapse rate instead of using a standard

and uniform one. The main pattern of steep_-slope permafrost distribution is comparable, while locally deviations
related to sun-exposure are substantial. For example, Steiger et al. (2016) suggested a lower limit of rock wall
permafrost around 850 m a.s.l. in the Lyngen Alps, which is the limit of the third quartile of the observations of
the LAL of discontinuous permafrost in north faces, and below the first quartile of these observations in the
north faces (Fig. 15). Steiger et al. (2016) also found a lower limit of rock wall permafrost close to sea level in
the Varanger Peninsula (70°N) while the CryoWall map suggests discontinuous permafrost above 100 m a.s.l.
only (Fig. 153).

Comparison with results from Myhra et al. (2017) who modelled permafrost distribution and evolution since the
LIA for four sites of Norway is limited because of the idealized test cases considered in this study, which do not
account for local topographical characteristics and insolation. A comparative figure of the CryoWall map and
Myhra et al. (2017) models is provided in the Supplement (Fig. S2S3).

5.2 Permafrost characteristics in the steep slopes of Norway compared to other areas

Permafrost affecting steep rock slopes has mostly been studied in rock walls of the European Alps (45-46°N),
where the lower limit of the isotherm 0°C lies around 2800+300 m a.s.l. in north faces and 3800300 m a.s.l. in
south faces_of the Bernina and Mont Blanc massifs (Gruber et al., 2004a; 2004b; Magnin et al., 2015b). This

difference of about 1000 m elevation between north and south faces is directly imputed to the solar radiation
control, which results in a MARST difference reaching 8°C between the north and south faces of a same
elevation. In British Columbia (Canada), north faces are 4°C colder than south faces between 54°N and 59°N

(Hasler et al., 2015). In the southern Alps of New Zealand, at 43°S, differences between north and south faces
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reaching a maximum of 5°C were reported (Allen et al., 2009). Our study presents MARST measurements at
higher latitudes, where smaller and decreasing north-south differences with latitude are observed. This is the
result of less and more direct solar radiation in south and north-facing slopes, respectively, which is reinforced at
higher latitude due to the polar night in winter and midnight sun during summer. This also explains the
decreasing-greater difference of the between-the-LAL limit-of each permafrost class between south and north
faces towards lower latitudes (Fig. 9, sect. 4.2), where the south faces receive more solar radiation, unbalancing

the air temperature controls, while the north facing slopes receive less direct solar radiation and are more directly

controlled by air temperature.

Despite the solar radiation control, which seems to be predominant in the rock slope RSFpermafrost distribution
patterns from local to continental scales, additional factors may also affect-the-RSTplay a role. The snow that
accumulate in various thicknesses in steep slopes has been recognized as a significant factor affecting the
RSFpermafrost conditions at the local scale_in the European Alps, as it attenuates both; the winter cooling
(Haberkorn et al., 2017) and the insolation heating in late winter and spring (Magnin et al., 2047b2017a). In
Norway;-snew-and frost coating_is common at —(mainhy-due-to-atmespherie-icing,—-e—high--elevatedien rock
walls that-are-exposed to supercooled water in clouds_and strong -and-if-cembined-with-strong-wind. These heavy
ice accretions and snow deposit on slope ruggedness-it-can-preduce-heavy-ice-aceretions)-are-common-in-some-of
the-high-elevation-areas,—and can certainly proveke-result in significant inter-annual variability of MARST in
prevailing wind direction and preferential snow deposition (Frauenfelder et al. 2018). Furthermore, energy

exchanges due to latent and sensible heat effects that are relatively more important in high-latitude and maritime
settings than in more continental mountain areas possibly affect the RST-permafrost patterns. In the same way,
cloudiness, that is generally more important in maritime settings, may also play an important role. This is
evidenced by the relatively small north-south difference in the southern Alps of New Zealand (Allen et al., 2009)

that are at a rather low latitude but famous for their high precipitation rates. This is confirmed by Sattler et al.

(2016) who have attributed an unusually low permafrost limit in debris slope in the maritime areas of New

Zealand to the frequent cloud cover in summer. Such effects are not easily detectable by mean of visual control

or statistical analysis and point out the need for more physic-based investigations in order to better understand
their respective influence on MARST patterns and permafrost distribution. However, the good fit of observations
with the simple linear model indicates that such effects are only of minor relevance for Norway and do not

strongly affect the overall permafrost distribution in steep slopes.

5.3 Permafrost characteristics in the steep slopes compared to other permafrost terrains in Norway

The distribution of permafrost has been estimated in various regions of southern and northern Norway by means
of Bettem-bottom temperature of snow cover (BTS) measurements (Haeberli, 1973), rock glacier inventories,

ground temperature monitoring, geophysical soundings and numerical models. Locations of the areas mentioned

below are displayed on Figure 11.
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In central southern Norway, the LAL of gentle slope permafrost decreases with continentality (Fig. 13), being at
¢. 1500 m a.s.l. in Jotunheimen (Isaksen et al., 2002; Farbrot et al., 2011), down to 1300 m a.s.l. in Dovrefjell at
sites-with-ne-snew-cover-(Sollid et al., 2003; Isaksen et al., 2011; Westermann et al., 2013), and 1100 m a.s.l. in
more eastern continental terrains in the Femunden region with—a—thin—srew—cover—(Heggem et al., 2005;
Westermann et al., 2013; Gisnas et al., 2017). The CryoWall map confirms this general pattern across
continentality (Fig. 10), but this decrease doesn’t follow the same pattern in steep rock slopes as it is strongly
dependent on sun-exposure (Fig. 13). decreasing-elevation—of-the-lowerHmit-of-For example, in permafrost

i e otunheimen, the -is

[

close-to-the-LALIower limit of discontinuous permafrost in south-facing rock walls_is at the same elevation as
the lower limit of discontinuous permafrost observed in gentle slopes (Fig. S3a), while but-300-400-m-higher

gentle-slopes—{Fig—S3a)—in Dovrefjell-further-east, the LAL-lower limit of discontinuous permafrost in gentle

slopes rather corresponds to the lower £AL-limit of discontinuous permafrost in north-exposed rock wahsslopes

exposed—rock-wals—{Fig—S3b)—In the easternmost regioneastern—Norway, rock faces are rare and therefore

evidences of permafrost distribution ins steep bedrock slopes are sparse_and mostly limited to Sglen and

Sennsjgkampen areas (see location on Fig. 11). Hewever-dDiscontinuous permafrost is found as low as 960 m

a.s.l. in the north face of Sennsjgkampen, and above 1290 m a.s.l. in south, east and west faces of Sglen (Fig. 13)
which }—Fhis-is generally higher than in surrounding slopes where permafrost generally occurs at much lower

elevation (Heggem et al., 2005, Fig. S3c;-Fig—S3€). Thus, there is an increasing discrepancy between permafrost

distribution in steep and surrounding gentle slopes across continentality. The eastwards gradient in the lower

limit of permafrost in gentle slopes is attributed to a decrease in the altitudinal limit of block fields and snow fall

amounts (Farbrot et al., 2011), while in steep rock faces that are more coupled with the atmosphere, this is rather

an effect of decreasing air temperature (Fig. 4). In the western maritime parts, thick snow cover prevents from

intense cooling in winter, a general pattern already suggested by Gruber and Haeberli (2009). This insulating

snow pack balances the cooling effect of block fields, while in the eastern continental part, this latter effect is

predominant due to reduced snow cover. As a results, in western parts, the overall permafrost conditions in

gentle slopes are more in accordance with air temperature (result of the counter effects of insulating snow cover

and cooling block fields) and therefore with surrounding steep bedrock slopes. Conversely, in the eastern parts,

ground temperature is much lower than the air, and therefore permafrost occurs at much lower elevation than in

rock walls.

In northern Norway, the lewertmitLAL of discontinuous permafrost in gentle slopes and flat terrains lies
around 800-900 m a.s.l. in the coastal mountains efFrems-county,—such as in the Lyngen Alps (Farbrot et al.,
2013, Steiger et al 2016), and decreases to 300-500 m a.s.l. in the coastal areas and mires in the inner part of
Finnmark_such as the Varanger peninsula (Isaksen et al., 2008; Farbrot et al., 2013; Borge et al., 2017). {a-the
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400-450-m-a-s-—{1saksen-et-al—2008)—Observations in the coastal rock steep-slopes of the Varanger peninsula
(Fig. 13) shows; that permafrost can occur at lower elevations than in gentle slopes-in-coeastal-Finnmark. The only

rock faces existing in the inner part of Finnmark are mostly the river canyons_such as the Alta and Tana rivers,

where discontinuous permafrost occurs between 100 and 600 m a.s.l. (Fig. 10 and 11), favoured by the high
confinement and resulting low solar radiation input. The occurrence of permafrost may be underestimated in
some places of continental areas due to local temperature inversion which are smoothed by the regional lapse

rate calculation (e-g-Fig. 4).

5.4 Implications for landscape development_and hazard assessment in Norway

The CryoWall map confirms most of the previous findings in terms of permafrost occurrence and distribution in
steep rock slopes inferred from visible ice or numerical modelling experiments_in Norway. It is therefore a
reliable basis to assess permafrost distribution in the steep rock slopes reek-wat-permafrost-in-of Norway. The

collected RST time series and CryoWall map may be used to model the permafrost evolution through time, using

the predicted MARST map or the measured RST as upper boundary conditions for 1D or 2D simulation (Hipp et
al., 2014; Magnin et al., 2047b2017a, 2017b). The permafrost models and the CryoWall map could then supports

investigations on large-scale rock slope deformations, slope hazards such as rock falls and the assessment of

geomorphological processes. To illustrate some of the research problems our map can contribute_to, we give

some examples and analysis in the following.

Large-scale rock slope deformations in Norway — In the Norwegian mountains, numerous sites; with large scale
instabilities are identified through systematic mapping and surveillance during the last years (e.g. Hermanns et
al., 2012; Bunkholt et al., 2013; Oppikofer et al., 2015). Seven sites comprise a high hazard level, justifying
installation of an early warning system, two of which have been equipped with RST loggers in this study. We

now used the CryoWall map to assess permafrost occurrence at “critical slopes™ inventoried by the Geological

Survey of Norway (Oppikofer et al., 2015, http:/geo.ngu.no/kart/ustabilefjellparti_mobil/). The database
comprises unstable slopes (postglacial deformation that could lead to catastrophic slope failures), deformed rock
slopes that can produce rock falls, potential unstable slopes (that match the structural inventory for failure but
have no signs of deformation), and morphological lineaments along steep slopes that are the result of erosional
processes. -Each critical slope is recorded as a point at about the middle of the slope. To extract permafrost
probability at this point and overcome limitations related to the mismatch between the location of steep areas in
the respective slopes and the location of the points, we created a buffer of 200 m around each point to ensure that
the point surface areas cover most of the slope, including the steep parts. The maximum permafrost probability
contained in the buffer area of each point was then extracted for 1339 registered critical slopes, and 11% of them
are permafrost slopes (probability > 0.5). The distribution of these critical slopes is displayed in the Supplement
(Fig. $4S5). This preliminary investigation points out the critical slopes that may deserve further investigations
on the potential role of permafrost in their ongoing or possibly future destabilization, especially in the current

context of climate change and permafrost degradation. As a further step, the hazard level could be statistically
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linked to the permafrost probability following a similar approach as the one conducted by (Ravanel et al., 2017)

in the Mont Blanc massif.

Landscape development - It is evident that the understanding of thermal regime within mountain slopes, and its
development during past and the future, has a geomorphological relevance (Berthling and Etzelmuller, 2011,
Hales and Roering, 2007). Frost weathering and stabilisation/destabilisation of slopes over long time scales due
to climate variability and glaciation cycles work in concert, and in certain temperature bands. For example, the

frost cracking window, which is known as being between -8 and -3°C with positive gradient at depth (e.g. Hallet

et al., 1991; Hales and Roering, 2007) defines a narrow temperature band, in which frost weathering processes

are most effective, resulting in ice segregation and subsequent rock falls_(e.g. Draebing et al., 2017). On the

other hand, deep permafrost aggragationaggradation/degradation weakens rock masses, with the possibility of
larger-scale slope destabilisation on longer time scales (e.g. Krautblatter et al., 2013). Moreover, steep rock walls,
often snow free or with little snow cover, can influence the thermal regime of adjacent areas due to lateral heat
flux (Myhra et al., 2017), with the possibility to maintain large temperature gradients. All these processes
influences material predication and erosion of mountain ranges and contribute to the periglacial realm being an

important environment for weathering (Hales and Roering, 2007; Savi et al., 2015), valley formation (Biidel,

1981)- and landscape planation (“periglacial buzzsaw”) (e.g. Hales and Roering; 2009; Egholm et al., 2015).

Finally, the collected RST time series may be used for a detailed analysis of RST patterns over different
environmental settings (climate, topography), and support the development of a possible and straightforward
model of rock wall permafrost distribution at the continental scale (Sect. 5.2). This would require a systematic
sampling of steep slopes to ensure their representativeness of idealized case directly coupled with the atmosphere
and no specific topographical settings affecting their insolation, as well as further investigations on the

atmospheric moisture and cloudiness controls.
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6 Conclusions

From this study the following main conclusions can be drawn:

- Sporadic permafrost occupies about 20 % of the steep slope surface area in mainland Norway. It can be
found as low as 830 m a.s.l. in north faces at 59°N and down to sea level in all aspect in northern
Norway.

- Discontinuous permafrost occupies 9% of the rock wall surface area and can be found in southern
Norway (from 59°N) mostly above 1300-1400 m a.s.l. in north faces and 1600-1700 in south faces. In
northern Norway, it mainly occurs above 750 m a.s.l. in north faces and 1050 m a.s.l. in south faces.

- Continuous permafrost occupies 2% of the rock wall surface area between 59°N and 69°N, with
substantial presence above 1500 m a.s.l. in north faces and 1900 m a.s.l. in south faces of southern
Norway. In northern Norway, it is widespread above 1100 m a.s.l. in north faces, and 1400 m a.s.l. in
south faces.

- The difference in mean annual rock surface temperature of north and south facing slopes at similar
elevation is about 3.5°C in southern Norway and 1.5°C in northern Norway due to the effect of solar
radiation in relation with the polar night/midnight sun effect at higher latitudes. The differences are
substantially lower than in reported alpine areas of lower latitudes.

- The lower elevation limit of permafrost decreases by about 500+50 fer-between southern and northern
Norway, with a more pronounced decrease for south-exposed slopes (-50_m for every degree
northwards for north-exposed slopes against -58 m for the south-exposed ones).

- The lower elevation limit of permafrost also decreases across continentality, with occurrences of
discontinuous permafrost about 200 m lower in eastern Norway than in the west coast of southern
Norway, and below 200 m a.s.l. in the river canyons of northern Norway.

- Steep slope permafrost generally occurs lower than in gentle mountain slopes in north faces, but at
higher elevation in south faces. This pattern is nevertheless more or less pronounced depending on the

regions of Norway.
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Figure 1. Location of the rock surface temperature loggers in steep rock slopes across Norway. 1. Finse (1

logger). 2. FIam (3 loggers). 3. Jotunheimen (4 loggers). 4. Loen (3 loggers). 5. Mannen (2 loggers). 6. Narvik (3

loggers). 7. Kéfjord (7 loggers). 8. Alta (2 loggers). The color range is adapted to latitude in accordance with

Figure 2.
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Figure 2. Distribution of the 25 loggers according to elevation, aspect and latitude.
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Figure 4. 1km grid Mean Annual Air Temperature (MAAT) derived from the SeNorge2 dataset (left, Lussana et
al., 2017) and averaged lapse rate over a 25 km radius (right).

5 Figure 5. Pictures of the Adjit crest (top: March 2017, bottom: August 2018) showing variable bedrock settings
more or less favorable to permafrost occurrence. 1. Vertical and compact bedrock. 2. Rugged Fraetured-bedrock
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surface and-with sparse snow deposits. 3. Hightyfractured-Mid-steep slope with substantial snow and debris
accumulations. Yellow dots indicate logger locations.
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Figure 6. a. Measured Mean Annual Rock Surface Temperature (MARST) versus interpolated MAAT at the
MARST measurement points. b. Surface offset (i.e. MARST measured — MAAT interpolated) versus calculated
Potential Incoming Solar Radiation (PISR) at measurement points. The multiple MARST points for a same PISR
values result of the multiple years of RST records at a same logger, and for which the PISR value remains
identical.
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Figure 7. Residuals of the predicted MARST.
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The lowest and highest boundaries of the boxes respectively display the 1%t and 3" quartile (Q1 and Q3) of the
observations. The lowest and highest whiskers respectively show Q1-((Q3-Q1)x1.5]) and (Q3+((Q3-Q1)x1.5)).

The dots are the outliers.
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Figure 9. Distribution of the lower limit of each permafrost class according to elevation, aspect and latitude. The
width of the boxes is proportional to the square-roots of the number of observations in the respective groups.
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The dots are the outliers.
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Figure 11. Permafrost distribution in steep_rock slopes of Norway according to the CryoWall map and in Scandinavia
according to the map produced by Gisnaas et al. (2017). For steep rock slopes permafrost, only the discontinuous and

T

continuous permafrost classes are displayed as the lower limit of discontinuous permafrost corresponds to the isotherm 0°C

and cover the main permafrost areas. Areas of interest for the discussion are displayed.
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Figure 12. Permafrost distribution at steep slope sites where permafrost has been previously observed in Norway
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Tables

Area 1D Latitude, Longitude Elevation Aspect (°) Date of
(m asl) installation
(1) Finse Fin_N 60°33°25.6"N, 7°27°40.2”E 1743 358 23.09.2017
Fla_S 60° 50' 35.9"N, 7° 9'52.7"E 1370 220 11.08.2016
(2) Flam Fla_N 60°50'41.1"N, 7° 9'47.2"E 1370 10 11.08.2016
Fla_ W 60° 50' 40.6"N, 7° 9'46.8"E 1370 280 11.08.2016
Juv_El 61°39°12.4” 8°19°36.6”E 2204 82 26.09.2010
(3) Jotun- Juv_S 61°39'0.7" N 8° 18'43.9'E 2226 162 26.09.2010
heimen Juv_W 61°38'48.4" N 8° 18'32.1"E 2179 297 27.09.2010
Juv_Eh 61°38'27.4" N 8°18'22.4"E 2320 89 27.09.2010
@ Loe_S 61°49'32.0"N 7°1'20.5"E 1648 210 13.08.2015
Loen Loe W 61°49'32.4"N 7°1'27.3'E 1662 270 13.08.2015
Loe N 61°49'17.3"N, 7° 1'48.7"E 1709 320 13.08.2015
(5) Man_E 62° 27' 21.5"N, 7° 46' 45.0"E 1290 90 06.08.2015
Mannen Man_N 62° 27' 21.4"N, 7° 46' 45.2"E 1290 350 06.08.2015
©) Nar_N 68°26'1.8" N, 17° 34'49.9'E 1224 25 29.08.2016
Narvik Nar_E 68°26'1.5" N, 17° 34'50.3'E 1228 100 29.08.2016
Nar_W 68°26'3.0" N, 17° 34' 40.9'E 1208 270 29.08.2016
Anka N 69° 28'34.7" N, 20° 29' 30.2"E 960 25 25.08.2015
Gam_S 69° 28'53.5" N, 20° 34' 28.1"E 1220 200 25.08.2015
@ Gam_W 69° 28'53.6" N, 20° 34' 28.2"E 1183 320 25.08.2015
Kafjord Gam_N 69° 28'59.3" N, 20° 34' 42.0"E 1243 360 25.08.2015
Adj_sl 69° 22'25.2" N, 20° 23' 25.3"E 920 230 24.08.2015
Adj_Sh 69°22'3.5" N, 20° 25' 20.4"E 1245 190 24.08.2015
Adj_N 69°22'3.2" N, 20° 25' 24.1"E 1230 30 24.08.2015
(8) Alt_N 69 46° 04.3°°N, 23 41°47.0”’E 260 350 03.09.2016
Alta Alt S 69 46°12.6"°N, 23 41°33.7”’E 215 130 03.09.2016

Table 1. Settings of the temperature sensors used in this study
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1D Aver. Period* Nb of days Weather station name and Correlation with

missing for ** elevation— (m asl.) *** RST****
Fin_NI NoData 0 - -
Fin_Nh 25.09. to 24.09 0 - -
Fla_S 15.08 to 14.08 0 - -
Fla_N 15.08 to 14.08 0 - -
Fla_W 15.08 to 14.08 0 - -
Juv_El 28.09 to 27.09 21 Sogneflehytta (1413) 0.8264
Juv_S 28.09 to 27.09 21 Juvvasshge (1894) 0.8153
Juv_ W 28.09 to 27.09 21 Sogneflehytta (1413) 0.8384
Juv_Eh 28.09 to 27.09 21 Juvvasshge (1894) 0.7741
Loe_S 15.08 to 14.08 0 - -
Loe_ W 15.08 to 14.08 0 - -
Loe_N 15.08 to 14.08 0 - -
Man_E 07.08 to 06.08 6 Mannen (1294) 0.87
Man_N 07.08 to 06.08 6 Mannen (1294) 0.91
Rom_N 30.08 to 29.08 0 - -
Rom_E 30.08 to 29.08 0 - -
Rom_W 30.08 to 29.08 0 - -
Anka_N 01.09 to 31.08 0 - -
Gam_S 01.09 to 31.08 0 - -
Gam_W 01.09 to 31.08 0 - -
Gam_N 01.09 to 31.08 0 - -
Adj_SI 01.09 to 31.08 0 - -
Adj_Sh 01.09 to 31.08 0 - -
Adj_N 01.09 to 31.08 0 - -
Alt_N 04.09 to 03.09 4 Alta airpert-lufthavn (3) 0.942
Alt_S 04.09 to 03.09 4 Alta airpert-lufthavn (3) 0.9109

* Averaging period for the MARST calculation

** Number of days missing for the calculation of the most recent MARST

*** Elevation of the weather station chosen to reconstruct the daily RST during the missing days
**** Correlation between the daily RST and the daily AT recorded at the weather station

Table 2. Summary of the data used for calculating the MARST
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ID Weather stations name, date of installation and  Correlation with Missing data during
elevations (m asl.) RST the period
(%)
Fin_Nh 960 0.9398 0
Midstova, November 2011, 1162 0.9499
Fla_S 0.7693
0.7438
Fla N Klevavatnet, November 2013 (960) 0.9297 0
- Vestredalen, January 2012 (1160) 0.9358 18.2
Fla_W 0.8897
0.874
Juv_El 0.8264
0.8103
Juv S Sognefjellhytta, December 1978 (1413) 0.805
- Juvvasshgeyita, September 1999 (1894) 0.8153
Juv_W 0.8384 0
0.812 0
Juv_Eh 0.7741
0.7444
Loe_S 0.7504
0.7119
Loe W Utvikfjellet, August 2011 (635) 0.7997 21.6
B Trolledalsegga, October 2015 (1020) 0.7676 4.8
Loe N 0.9422
0.915
Man_E 0.8139
Marstein, February 2010 (67) 08768
Man_N Mannen, March 2010 (1294) 0.8625 0.5
0.9065 2.6
Rom_N 0.8912
0.8835
Rom E Straumsnes, January 2011 (200) 0.8628 0
B Fagernesfjellet, January 1979 (1000) 0.8606 0
Rom_W 0.8836
0.8884
Anka_N 0.872
0.8383
Gam_S 0.8407
0.7719
Gam_W 0.8828
0.874
Gam_N 0.8452
- Skibotn 11 (20) 0.8458 3.3
TAdLST Jettan, July 2015 (691) 0.8795 0
0.8521
Adj_Sh 0.8459
0.7712
Adj_N 0.8898
0.8556
AltN 0.942
Alta airpertlufthavn, December 1963 (3) 0.9241 0
Alt_S Sihccajavri, April 2013 (382) 0.9109 0
0.9003

Table 3. Summary of the data used for the MAAT calculation
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Min Mean Median Max
MARST (°C)  -49 -0.6 -1.05 3.5

MAAT (°C) -5.9 -2.6 -2.4 0.4
PISR (W m?) 10 179 208 295

Table 4. Summary of the model variables
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Intercept 0.478*

PISR (Wm?) 0.0097***
MAAT (°C) 1.06***
R? 0.88
RZadj 0.88

R% 0.88
RMSE (°C) 0.63
RMSE. (°C) 0.69
MAE (°C) 0.56
MAE. (°C) 0.58
Standard deviation (°C) 1.86
Residual standard error (°C) 0.699
p-value < 2.2e-16

Table 5. Summary statistics of the model. Significance of Wald test: *<0.05, ***<0.001
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