Review of «Present and future changes in winter climate indices relevant for access disruptions in Troms,
northern Norway» by Dyrrdal et. al.

Dear Frank Techel (Referee #1)

We would like to thank you for the very thorough review and valuable feedback on our
manuscript. We greatly appreciate the time and effort you have put into this. We agree to a large
degree on your suggestions, and try to meet these as best we can. We have done a major
rewriting and restructuring of the manuscript, and hope to have clarified many of the issues
raised. The introduction and definition of climate indices are more specifically linked to access
disruptions, e.g. through difficult road conditions, as well as snow avalanches and slushflows,
including relevant literature. In the Results section we now present each index separately, with
past and future changes following each other, and for the whole of Troms followed by the Focus
areas with selected high and low elevation bands. As suggested, we now highlight some absolute
values in the results. Uncertainties are to a greater extent discussed in Section 5, including
uncertainties associated with data and methods, and particularly the climate and hydrological
projections. Please refer to our answers to your questions and comments below.

The authors present an analysis describing current and future climate in the region of Troms, by focusing
on weather indices considered as indicators for snow avalanche activity. The study is motivated by
climate models predicting significant changes for the second half of the century, which may lead to a
change in the type and frequency of natural hazards affecting access to the often isolated settlements
along the coast.

From my perspective, the topic - and the outcome of the study - is of high relevance to decision-makers in
the region with climate change already impacting the Arctic significantly. From a scientific perspective,
and as far as | can judge, the novel aspects are the derivation and analysis of weather elements from
future climate models relevant to avalanche activity. Mostly, the manuscript is easy to read. Figures are of
good quality, illustrating the key findings. The methodology is scientifically appropriate, the trend analysis
essentially identical to the approach taken in an earlier publication by Dyrrdal et al. (2012).

There are, however, some aspects which should be improved, most notably the use of a more concise
language, a better structure in some of the sections, the description/definition of the weather indices, the
link between the weather indices and their expected influence on avalanche activity, the discussion of
uncertainties associated with the derived indices and their interpretation in regard to trends in avalanche
activity, and presenting more often absolute values rather than just percent changes for future predictions.
| address these points in more detail below.

1 General remarks

The focus of the manuscript are weather indices related to snow avalanches (Abstract p1114). However, |
feel this point could be emphasized when introducing the goals of the study (p2120-22, p3121-22).
Potentially, the goals could be more specific by formulating research questions highlighting the focus on



deriving and exploring weather elements potentially indicating difficult driving conditions (conditions and
changes at sea level are most relevant) and/or relating to increased hazard of snow avalanches
(conditions and changes at the elevations of avalanche starting zones and in run-out zones are of
interest).

We agree and have made this more clear in the revised version. Our main focus is typical winter
climate indices known to potentially cause access disruptions in Troms, northern Norway. Snow
avalanches are among the natural hazards that most frequently lead to highway blockages. Also
slushflows are among the winter hazards that may lead to dangerous road situations and
sometimes also road outages. Finally the selected climate indices for the two above hazards are
also associated with access disruptions in general. Indices for the latter also include freeze-thaw
cycles (zero-degrees Celsius -crossings) which may lead to slippery road conditions.

Note that we now refer to “climate indices” instead of “weather indices” throughout the paper.

Please reflect the use of the term «risk» throughout the manuscript. In some cases, using hazard,
likelihood or frequency would seem more appropriate than risk (e.g. p1121, p1122, p14I15, p14123). From
my understanding, risk should refer not just to the frequency or magnitude of an event, but requires
something actually being exposed to the risk (here, this could be the risk that a road is hit by an
avalanche).

We agree that this is a bit overstated. We have replaced risk with likelihood and frequency as
suggested. However, hazard and risk has been used in the first part when we mention road user
perceptions, that is, how road users perceive snow avalanches and driving on roads where
avalanches might strike.

Wind: As you are lacking wind-data for the future and as wind is spatially highly variable, | wonder
whether the manuscript would become more focused by removing wind as a parameter considered in the
study.

The wind projections for future, based on downscaling and bias-adjustment of a ten model
EURO-CORDEX ensemble, are now ready. We are using that in combination with snowfall to
compute changes in snow drift in the most exposed locations in the focus areas. The same
analysis is done for past climate. See Section 3.1. We have removed the analysis of wind speed
alone.

The terminology is sometimes not fully consistent with existing definitions (e.g. to my knowledge, a «snow
melt avalanche» as on p13I2 is not a defined term). You may refer to the glossary of the European
Avalanche Warning Services, which includes short descriptions for each term:
https://www.avalanches.org/glossary-2/.

In the revised paper, we use snow avalanches as a common term for all kinds of snow avalanches
and slushflows, which also are a major natural hazard in Norway (cf. Hestnes 1998, Annals of
Glaciology 26). In Chapter 3.3 we also refer to landslides as a common term for rock avalanches




(including rock fall) and debris avalanches (debris flows, mudflows), unless where a specification
into type is needed. We have followed the classification from Lundgren et al., (2015 -
http://publikasjoner.nve.no/rapport/2015/rapport2015_90.pdf).

1.1 Strengthening the link between weather indices and snow avalanche activity

The link between weather indices and avalanche activity should be made stronger, by exploring more
specifically what changes are expected at the elevation of avalanche starting zones and in avalanche
run-out zones, what weather indices are expected to relate to the release of dry-snow or wet-snow
avalanches, and which indices to difficult driving conditions.

Someone responsible to decide on natural hazard mitigation strategies for roads in a changing climate
would probably like to know how conditions change at road level, but also at the elevation of avalanche
starting zones. This is also in line with the approach taken by Jamieson et al. (2017), who explored
expected changes at road level and in avalanche starting zones in Canada in a changing climate.

In your study area, most of the roads and populated places are located close to the sea shore (p411-2), at
an elevation just above the sea level. This is therefore a highly relevant elevation for decision makers
(e.g.: How often will it snow? How much snow will there be in the future?), which may influence driving
conditions at road level (less frequent snow falls) or the run-out distance of avalanches (e.g. due to no
snow in the run-out zone). Similarly of interest would be to know what changes are expected in the
avalanche starting zones, say at elevations of 500 or 800 m. | suggest you specify relevant elevation
bands and describe more specifically changes at these elevations, either across the entire coastal region,
or for the two focus regions.

Focusing more on the elevations relevant for decision-makers may also provide more details when
discussing results and potential influence on future access disruptions.

We have computed changes of all selected climate indices in the highest elevation band known to
be avalanche starting zones (between 1000 and 1300 masl in Jovik/Olderbakken and > 700 masl in
Senjahopen/Mefjordvaer), and for a low elevation band (< 200 masl) where roads are located in the
two focus areas. The high elevation band is defined in collaboration with local avalanche experts.
Note that to include more of the higher elevations in the two focus areas, we extended the areas a
bit towards the east, thus the computed changes for the focus areas differs somewhat from the
last version. See Section 4.

We agree that there should be a larger focus on road conditions, and we have rewritten parts of
the manuscript to highlight this.

We have also made more clear what climate indices are expected to relate to the release of snow
avalanches, slusflows, and which indices to difficult driving conditions.

1.2 Absolute values for historical, near and far future

Mostly you describe changes in percent only, except for the maps 1958-2017. While this is fine for the
spatial data, as a reader, | would appreciate two things:
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Would it be possible to always combine the maps of the historical period with the predicted periods? For
instance, Fig. 4a-c with Fig. 11a-b as Fig. 4d-e? If these sub-figures were combined in one figure, current
observations and future changes would be very close together, facilitating the interpretation of the change
values, as compared to looking at Fig. 11 by itself.

This is a good suggestion. We have now restructured the Results section, giving results for each
index separately, first for the whole area for both past and future climate, followed by results for
the study areas and selected elevation bands. The figure on future climate now follows the figure
on past climate for each index.

A second recommendation in that respect: In the text you often only refer to percent changes, which by
itself is hard to visualize for the reader. | would appreciate if absolute values could be provided, at least
for some examples. Obviously, this will make little sense across the entire region and the whole elevation
range, but this could be shown for the two focus regions (for instance included in Table 3) and/or in case
you introduce elevation bands of particular interest.

We have added some examples of absolute changes in the text, highlighting the most significant
results.

As the reference period for the future is somewhat different than the 30-year periods
(1958-1987/1988-2017), please show a table with absolute values for the reference period (1981-2010),
together with the projected future changes (again either for the focus regions and/or relevant elevation
bands).

We have now included 1981-2010 mean values for the focus areas in Table 3 (now Table 2).

1.3 Abstract

Depending on the before-mentioned more general suggestions, the abstract may have to be partially
adjusted.

p1116: reading just the abstract, the term water supply is not self-explanatory. Rather explain with melt
and rain in brackets, or use melt-rain as a variable name.

We have changed this variable to look at only winter rainfall > 10 mm. This seems a more
appropriate variable, which is also associated with less uncertainty as the computation is more
straight forward compared to water supply. Of course, snow melt is a likely contributor during
events of rainfall, as referred to in Chapter 3.3.

p1117: «In both focus areas» - at this stage, it is unclear what the two focus areas are.

Changed to: “In our two focus areas...”



p1118: the studied snow indices increase or decrease - at this stage, without having read the manuscript,
increase or decrease are difficult to interpret. | suggest sticking to results, which are specific and can be
easily understood in the abstract (e.g. «snow during winter might become a rarity by 2100» (p1119) is a
very clear statement).

Thank you for this suggestion. We have re-written the Abstract to be more understandable.

p1122: two typos in «increase the risk of wet-snow avalaches and sluchflows. »

Thank you, this now corrected.

p1122-23: «zero-crossings, known to destabilize the snowpack...» - this statement does not reflect what
you write in the Discussion on p13I11-13. In fact, the statement in the Discussion indicates that
zero-crossings by themselves are not all that relevant in regard to avalanche release, while rain-on-snow
or prolonged warming might be.

We agree. The sentence is removed, and zero-crossings are now more focused towards difficult
road conditions.

2 Section Introduction

The Introduction provides the necessary information and the motivation for the study. Points which could
be improved:

In general, it could be written in a more concise way. A paragraph describing more specifically the
objectives of the study would be good (currently, some lines on p2119-21, p3121-23). p. 212-3: The
sentence «Climate change has been shown to influence winter season natural hazards in several areas»
seems somewhat misplaced at this location in the text, which introduces the natural hazards in the region.
Maybe move to a later paragraph, where you address climate change in the region.

p2129-p2117: This section provides a good base for the motivation to explore weather indices related to
snow avalanches, as these are the natural hazard causing most road blockages and numerous fatalities. |
feel this fact could be emphasized when introducing the goal of the study (p2121-23), by more specifically
putting weather indices related to snow avalanche activity in a changing climate in the focus of the
investigation. p2121: «the article will supplement social science investigations... - Which? Please cite
respective studies? State the research questions more explicitly.

You introduce the region of Troms as the region the study focuses on. Some arguments why you chose
Troms are highlighted in the Study Area section, some in the Introduction. Could you bundle your reasons
for selecting Troms somewhat, and maybe also briefly explain, whether other regions in Norway could
have served as exemplary regions.



Thanks for these comments. We have rewritten large sections in the Introduction to make this
more clear. The aim of our study is as follows: “The current study presents past and future
changes in selected winter climate indices known to potentially cause access disruptions in
Troms, northern Norway. We have focused on the most common access disruptions and selected
climate indices which in literature are known to be potential triggers of snow avalanches and
slushflows (thus focusing on natural avalanche ocurrences), or somehow generate lifeline
interruptions and difficult road/transport conditions in exposed coastal and fjord areas in Troms.”

In the revised paper, it is now clarified that the two focus areas/communities were chosen
because their access highways have been closed nearly every winter (some winters many times)
because of snow avalanches and slushflows that have hit the highway(s) or because of danger of
avalanches. The study is part of a larger project on winter weather/climate induced natural
hazards and access disruptions.

The following section (p2132-p3113) is dedicated to predicted changes in the climate/weather in the future,
focusing on Troms/Northern Norway. | wonder whether a more general, concise summary of observed
and predicted changes in weather/climate in Norway might suffice in the Introduction section. More
detailed information on current and future climate could be provided in the following section describing the
study area, as this also contains sections on current and future climate and weather, or when comparing
the results to other research (in the Discussion). Furthermore, p2132-p3I13 give the impression that a lot is
known about the future climate and natural hazards. Maybe rephrase to point the reader to the specific
research gap.

We moved most of the text on future climate from Section 1 to Section 2, and included the
following sentence “How the effect of these changes on local communities and different sectors
could play out, is however not much studied”. We also added a few general sentences and
references in the introduction.

p3115-16: «Despite the expectation of more frequent snow avalanches and landslides as a consequence
of a warmer and wetter climate... - Add a citation.

We added two references (and the sentence is a bit modified):

Hanssen-Bauer, I., Fgrland, E.J., Hisdal, H., Mayer, S., Sandg, A.B., Sorteberg, A.: Climate in
Svalbard 2100 — a knowledge base for climate adaptation. Norwegian Centre for Climate Services,
Report 1/2019. 207 p, 2019

Hanssen-Bauer, I., Forland, E.J., Haddeland, I., Hisdal, H., Lawrence, D., Mayer, S., Nesje, A.,
Nilsen, J.E.@., Sandven, S., Sandg, A.B., Sorteberg, A. and Adlandsvik, B.: Climate in Norway 2100
— a knowledge base for climate adaptation. Norwegian Centre for Climate Services, Report 1/2017,
2017.



p3l6-7: «In these regions the probability of snow avalanches might increase during the first decades,
followed by reduction towards the end of the century.» - Add a citation.

We have modified to “"From the development of snow amounts alone, we might expect that the
probability of snow avalanches in these regions will increase during the first decades, followed by
reduction towards the end of the century.” and added the following reference:

Hisdal, H., Vikhamar Schuler, D., Forland, E.J., and Nilsen, I.B.: Klimaprofiler for fylker (Climate
fact sheets for counties). NCCS report no. 3/2017,
https://cms.met.no/site/2/klimaservicesenteret/rapporter-og-publikasjoner/_attachment/12110? ts
=15ddfbccf32, 2017

3 Section Study region

This section has a clear structure and provides the reader with the necessary background on the regions
geography, natural hazards, current and future climate. Some minor points which could be improved:

p3 129 - 30: «The Sub-Arctic and Nordic Arctic regions further north have experienced a major change in
climate over the past few decades.» - | feel this sentence does not really fit into this paragraph, which
introduces the geography and the geohazards present in this region.

The section is now rewritten, restructured and some sentences are moved between sections to
better fit the purpose of the sections.

p4 14: «...250 people have been killed in avalanches in Troms in the past, where of most died in snow
avalanches...» - What does the first avalanches refer to? What time span does the past address? Do you
maybe know how many of these people were killed on roads / in buildings?

We have looked up the numbers and have changed the text in the Introduction to:

“Both snow avalanches and landslides have led to fatalities in Troms. An analysis of the
Norwegian mass movement database http://skredregistrering.no/ (database version December
2019) shows that for the period 1730-2014, 376 casualties were registered in Troms. Snow
avalanches resulted in 295 casualties, whereof 121 people were hit in buildings and 9 on roads.
Since 2014, an additional 12 casualties are registered, according to varsom.no (all were skiing or
driving snow mobile). For other landslides, 81 casualties are registered, whereof 57 in buildings
and two on roads.”

This database provides a minimum estimate of historical casualties related to mass movements in
Norway. Note that this database is incomplete and many of the entries have poor quality, for
example, snow avalanche casualties in a database assembled by the Norwegian Geotechnical
Institute (NGI)
(https://www.ngi.no/Tjenester/Fagekspertise/Snoeskred/snoskred.no2/Ulykker-med-doed)
amounts to 183 for the period 1972-2014, compared to 165 in http://skredregistrering.no/ for the
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period 1730-2014.

p4 16-7: «The present study will focus particularly on three communities; Jovik/Olderbakken in Tromsg
municipality and Senjahopen and Mefjordveer in Berg municipality» - | suggest moving the introduction
and description of these two focus regions to a separate paragraph, where you should also provide some
additional information including information on the surface area of the selected grid points and the
elevation range of the grid cells covered.

We have now written an own paragraph on this, including information on the number of grid cells
and their elevation. See Chapter 2.

p4 121: «The largest snow depth measured in Troms county was 330 cm on April 23 in 2014 at the
weather station Lyngen - Gjerdvassbu in Lyngen municipality, at 710 masl.» This information is not very
useful for the reader, as the station has existed only since 2011, and as there is no larger network at this
elevation it could be compared to. | suggest you either remove this sentence, or you add some
information regarding the two points above. If such information were available, you could replace it with
some long-term snow depth measurements (does the meteorological station of Tromso have these?).

We agree and have removed the sentence.

p4130-32: Did you calculate the trends? If yes, it should probably go to the Results section. If no, cite the
respective study.

Yes, we agree and have included this in the result section. As far as we know, there are not many
studies the Tromsg series is published, and at least not for the winter season definition we have
chosen here.

4 Section Data

General remarks: Please provide at least some more details on how the parameters of interest are
calculated in the models, not just what spatial interpolation methods the models rely on. For instance,
what kind of a model is the seNorge snow model. Is it based on a simple degree-day model, or more
complex? How many snow layers does it calculate? If you have information on the performance of the
model predictions of the selected parameters, a short statement in that respect would allow the reader

to judge the quality of the data (here or in the Discussion section), and hence the results. What air
temperature thresholds are used in the models to distinguish between liquid and solid precipitation?

We have added more information of the derivation of the indices and the datasets, particularly the
snow model. See Section 3.1 and Section 3.3

p519-10: Rephrase this sentence, to make it clear, whether the interpolation was part of this study, or
whether it describes the data source used.



The sentence is rephrased as follows: “To obtain spatially continuous information on the recent
climate, the Norwegian Meteorological institute (MET Norway) provides gridded datasets of daily
temperature and precipitation on a 1x1 km grid over the Norwegian mainland. These are based on
observations of daily mean temperature (T) and daily precipitation sum (P) covering the period
1957-present, and the gridded data, available at www.senorge.no, is referred to as “seNorge”.

p5ll17: You introduce a variable called snow depth (SD), which is not used afterwards. Either remove it
here, or explore and describe results of SD.

We have removed snow depth (SD).

p6l10-12 and Table 1: | find this a rather confusing description. There are ten GCM-RCM combinations
mentioned in the text, but from Table 1 it does not become clear which combinations are used. In fact,
right now this confuses more than it explains. | suggest rewriting this paragraph and moving the Table 1
to the Appendix or provide it as supplementary material. If this bias is potentially influencing results, it
could also briefly be discussed in the Discussion section.

We have moved the table to Appendix, and briefly discuss climate model uncertainties in the
Discussion.

Section 3.3 Weather Indices (p7): This in an important section. Restructuring this section may make it
easier for the reader to distinguish which meteorological elements are associated with avalanche activity
(background research), which of the weather indices address which avalanche type (dry-snow, wet-snow
avalanches) or are of importance at lower elevation/road level (run- out distance) and in the starting
zones (avalanche release). Furthermore, a more detailed summary table, showing the variables and their
calculation would be beneficial. Additionally, at the moment some of the information relating to variables
explored can be found in other sections (i.e. for change in SWE p619-10). Introduce somewhere that you
focus on weather elements which are related to natural avalanche occurrences, at least this is what most
of the cited studies have explored.

We have now stated our focus on natural avalanche occurrences in the introduction.

p711: it is not the indices which are potential triggers of rapid mass movements, but the indices describe
weather elements which may cause such event.

Changed to: “we identify indices that describe weather elements which in literature are known to
be potential triggers of rapid mass”

p712: Be more specific what slides refers to? Snow slides, mud slides, rock slides?
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We have removed slides and rewritten this sentence as follows: We identify indices describing
weather elements which in literature are known to be potential triggers of snow avalanches and
slushflow, or somehow generate difficult road/transport conditions.

Currently you sometimes refer to other hazards as well, when introducing the weather indices. | propose
to stick to the weather indices’ relevance for assessing the potential for avalanches and difficult driving
conditions, and linking these to other hazards in the Discussion only. There is some inconsistency in the
naming of the variables: for instance, in the text you refer to WM-FSW1d, in the figure titles to maximum
FSW-1d. FSW is a rather unusual abbreviation for fresh SWE / changes in total SWE. Could you use
ASWE, yaswesd or swetaiswess OF something similar instead?

We have now harmonized the figure titles and the abbreviations used in the text. We chose to
stick to FSW as it is the variable name from the seNorge snow model, and used in e.g. some NVE
reports.

p7 12-6: «Indices analyzed here are mostly relevant for snow and slush avalanches, but have also often
lead to difficult road and driving conditions. The derived indices are identified from literature referred to in
the following text, and presented in Table 2 below.» - From my perspective, these lines could be deleted,
as these sentences more or less repeat the introductory sentence before.

Yes, we agree. This section has been rewritten.

Parameter water supply: It took me some time to get used to this term. Could you use melt-rain, or
similar, as a variable name?

| suspect this would be more intuitive for readers. Please explain in more detail how water supply is
calculated? Is it melt water produced in the snowpack, or melt-water run-off from the snowpack together
with liquid precipitation?

As mentioned above, we low look at winter rain events > 10 mm instead of water supply.

p5I16/p619: | suggest changing «daily snow water equivalent» to daily total snow water equivalent to avoid
misunderstandings with FSW.

OK, thank you for the suggestion. We have changes accordingly.

Parameter zero crossings (p7121-26): «Another potential trigger of snow avalanches, and even rockfall,
are zero-crossing events.» and «Frequent zerocrossings can lead to difficult road conditions and
destabilize the snowpack.» - Add the respective references.

We have shifted the focus of zero-crossings somewhat towards slippery road conditions.
References to snow avalanches are removed, and a paragraph has been added to Chapter 3.3



Concerning the latter statement, note that what you introduce here somewhat contradicts what you say in
the Discussion (p13I11-13: «lt is worth noting that such atmospheric zero-crossings do not necessarily
capture freeze-thaw cycles in the ground or snowpack, and additional information about the duration of
thawing and freezing may be required to better represent the potential trigger of snow avalanches.» ).
Concerning wet-snow avalanche release mechanisms, | suggest you refer to more general research as
well (for instance, in his PhD Mitterer (2012) provides a good overview on literature regarding wet-snow
mechanics and wet-snow avalanche prediction).

We have chosen to not focus on different types of snow avalanches, so the distinction between
slab avalanches, loose snow avalanches and wet snow avalanches is removed.

Sometimes you refer to the variable maximum snow amount, other times as winter maximum SWE or
WM-SWE. | suggest being more consistent which term is used.

5 Section Methods

Please provide briefly some information on the statistical software and libraries/packages used to
calculate the Mann-Kendall trend test.

We have added: “(R-package Kendall)“

The reference periods differ between the historical analysis, and the comparison to the future. Could you
provide this information in Table 2, together with the derived indices?

We now provide mean values for the reference period 1981-2010.

p9l6-8: Why do you explore only WM-SWE at different elevations, and not all the parameters? Is there a
reason why you don’t explore the very near future (2011-2040)? It would be the logical sequence
following your reference period 1981-20107?

We explore this index in more detail, because it is a good proxy for changes in snow amounts,
and a way of showing the development of the snow as an element. We also wanted to answer the
question of when snow becomes a rarity, and when the increase in precipitation might turn from
increasing snow amounts to decreasing snow amounts in different elevation bands.

We have not studied the very near future because natural variability dominates over the climate
signal in the next decades.

6 Section Results

A remark, already addressed before, which applies to 4.1 and 4.2:



As a reader, | would appreciate some absolute values rather than just percent changes. For instance, |
could picture a result described like «Heavy 1-day snow fall precipitation changed in focus region 1 at sea
level from x to y events per winter, which represents a xy% change.» more visually than just percent
changes. | therefore recommend to provide the reader with such results. As summary statistics calculated
for the entire region will be little informative, you could exemplary describe these for different elevation
levels and/or the two focus regions. Furthermore, this information could also be added in Table 3.

We think this is a good suggestion and have included some examples of absolute changes.

Table 3: highlight that the reference periods differ, either in the caption or the column title. - Column «Past
change (1958- 2017)» should probably be changed to «Past change (1988-2017)» with the reference
period being 1958-19807 - Why is water supply giving as absolute change for the past, and in percent
values for the future?

Not relevant anymore, as we removed water supply. For winter rain we report on percentage
changes.

For reasons, which you explain, the thresholds used to assess changes in water supply and FSW are
much lower than those suggested by NVE or Jaedicke. Would it be possible to indicate the expected
number of events using higher thresholds? As outlined in Dyrrdal et al. (2012) or in Jamieson et al.
(2017), such extreme events are probably a better indicator for periods with increased natural avalanche
activity, than small precipitation events of more than 5 mm.

We find the trend analysis difficult to perform when using a higher threshold. We do agree that
some of the chosen thresholds are rather low, but given that the focus of the paper is to study
weather than may lead to road closures, either as a consequence of an event, but also due to a
forecast on difficult weather, we believe the selected indices are relevant. We also believe that the
pattern of changes for low-threshold events can be transformed to higher-threshold events. We
have clarified this in the description of our aims in the manuscript and when introducing the
climate indices.

p10131: When is the turning point from increasing to decreasing snow amounts (=WM-SWE?) reached?

This depends on the elevation, but in our results we already see an increase in elevations of low
WM-SWE by 2040, meaning that the turning point has already occurred prior to 2040. As we do not
study future periods before 2040, it’s hard to suggest the actual period then this happens. We
have included a sentence stating that it likely happens between now and 2040.

p1113-6/Fig13a-b: | would interpret the trend lines becoming closer with time not with a decrease in
variability, but actually as a more pronounced elevational gradient in WM-SWE at about 300 m in the
Inland region and between 500 and 600 m at the Coast. In fact, in the Inland region this gradient goes



from about <100 mm at 250 m to <400 m at 350 m. Is this plausible? Can you discuss potential reasons?

You are right. One plausible reason is the expected increase in precipitation, which in the higher
elevations will mainly come as snow, while in lower elevations will come as rain and contribute to
snow melt. We have rewritten the sentence as follows: “The narrowing range between smaller and
larger snow amounts indicates a stronger elevation gradient for WM-SWE as winter precipitation
increases, particularly in low elevations and inland regions. This might be explained by the
fraction of rain and degree of snow melt in lower versus higher elevations will differ more in the
future, giving a stronger decrease in the low to medium elevations.*

P11127-34: This paragraph first introduces the two focus regions (127-29), which should be moved to
Study Area section. It then discusses past (129-31) and future (131-34). These results should either be
divided into the respective subsections 4.1 Past development and 4.2 Future development, or the results
for the two focus regions should be put into a subsection of their own, together with Table 3.

We have restructured this Section according to your suggestions. See our answer to your
comment further up.

p11129: «largest change in snow variables» is not very specific

This sentence is removed.

7 Section Discussion and Conclusion

This section would benefit from restructuring, maybe splitting into subsections and/or potentially also by
splitting discussion and conclusions into two sections. Currently it sometimes mixes how changing
weather may influence avalanche activity and how weather/climate indices compare to other studies.

We agree on this and have rewritten these sections where we try to meet these suggestions.

Please discuss potential uncertainties or bias, which may be caused by data and/or methods, and how
these were addressed. What is the general uncertainty associated with such future climate predictions?

We have rewritten large parts of these sections.

We have added a paragraph in Section 5, where we discuss the uncertainties associated with data
and methods, and specifically the climate projections including hydrological modelling.

Concerning the parameter snow melt and rain (water supply), you state (p12120-21) «As snow amounts
have mainly increased in the past ... the amount of snow melt has likely not changed much» which «will
change quite dramatically» in the future. You suspect that this may be caused by more rain during winter



(p1313-4). An alternative, or additional, explanation could be, that the melt season so far has been
primarily outside of the defined winter (at least at higher elevations). What is the temporal distribution of
the days with high water supply now and in the future? Does this change (for instance earlier onset of
warming and melt in spring?) Do you have numbers on how many of the water supply days were in fact
rain on snow or just melt? (this would be a very interesting point for discussing wet snow avalanche
release) - Please discuss.

This is a good point, we now discuss this question in more detail in Section 5. We include
numbers on projected changes in snow season and expected later onset of snow melt season
(with reference), and argue that this indeed stretches into our definition of winter.

As mentioned above, we low look at winter rain events > 10 mm instead of water supply.

p12114 and p12I18: first you state that wet-snow avalanches may increase, then that a general reduction
is realistic - | suggest you group such contradictory statements closer together, highlighting the
hypothetical nature of avalanche predictions in the future (see also Sinickas et al. (2016) in this regard).

Thank you for this suggestion. We have restructured the manuscript accordingly.

p13I2: what are «snow melt avalanches»?

Thank you for pointing out this mistake. It is now changes to slushflows.

p1315: «actual areas of Troms» - actual could be deleted

We have removed “actual’.

Parameter zero-crossings: could you discuss the temporal distribution within the winter? Are the changes
primarily expected at the beginning and end of the season, or throughout the winter?

The following paragraph is added to the Discussion:

“Changes in zero-crossings indicate shifts in slippery road conditions. Although our definition a
zero-crossing refers to the fluctuation of air temperature across zero, and additional information
about the surface temperature would have given a better representation of slippery conditions,
the change pattern shown here would likely be close to a change pattern of surface temperatures.
For the low-lying seaside regions of Troms, with several access roads, we primarily expect
changes in zero-crossings in the beginning of winter (Oct-Nov) and the end of winter (Apr—May).
These seaside regions have mean temperatures close to 0 °C in the shoulder months in the
present climate, and even a small temperature increase will therefore lead to large changes in
zero-crossings. Fewer zero-crossings are expected both prior to and after the winter season, with
the strongest change expected in October and May. In these shoulder months, the change signal
of fewer crossings is expected to reach far inland, while for other months, it is limited to the coast.
Increases in zero-crossings are limited to regions far inland, at altitudes above approximately



600-700 AMSL from November to April.”

We added a reference to Gustafson (1983) in Chapter 3.3, who studied relationships between low
surface temperatures and the development of slippery conditions.

You selected rather low thresholds for WM-FSW1d and water supply (a factor ten lower than NVE). -
Discuss interpretation of these low thresholds in regard to avalanche activity and road conditions.

See our answer further up. We have also added a short discussion of this in the manuscript,
Section 5.

There is a strong decrease in WM-FSW1d and WM-FSW5d in the two focus regions (more or less at sea
level | presume)? At higher elevation (typical starting zone elevation or even higher?), the change is less
pronounced, although from the maps it is hard to judge what WM-FSW1d / WM-FSW5d amount is
predicted in the future. Again, some absolute numbers for different elevations would help the reader to
understand the elevation pattern better.

Yes, we have added some absolute numbers in the text.

p13128-34/p1411-3 (Wind): Results confirm the statements made in the introduction with no further new
findings, as wind predictions were not available for the future scenarios. Therefore, and as already
suggested before, consider removing wind as a parameter entirely or providing this information in the
supplementary material, and focusing on the other variables instead.

Wind projections for future, based on downscaling and bias-adjustment of a ten model
EURO-CORDEX ensemble, is now ready. We are using that in combination with snowfall to
compute changes in snow drift in the most exposed locations in the focus areas. The same
analysis is done for past climate. See Section 3.1. We have removed the analysis of wind speed
alone.

p1418: as before «an increase in snow variables has occurred» is not very specific

Changed to: “In both areas an increase in all studied snow-related variables has occurred in the
last decades, more so in higher elevations, while a decrease is expected towards the end of this
century and particularly in low elevations. ”

p14I111: it is not the weather indices which might become a larger threat

Thank you. this is changed to: “... weather described by the studied indices might become a larger
threat as potential triggers of avalanches and challenging road conditions”



p1415-15: A more in-depth discussion of changes at different elevations in the focus areas (road level,
starting zone conditions) would be nice.

We have now computed changes of all selected climate indices in the highest elevation band
known to be avalanche starting zones (between 1000 and 1300 masl in Jovik/Olderbakken and >
700 masl in Senjahopen/Mefjordveer), and for a low elevation band (< 200 masl) where roads are
located in the two focus areas. These numbers are discussed in the text.

As you can only explore weather indices, with their influence on actual avalanche activity remaining
hypothetical, | suggest to discuss this point in more detail (see also Sinickas et al. (2016) who concludes:
«lIt is highly unlikely that ‘clear’ results will ever become available that prove some kind of avalanche
change due to climate change in the near future.» ). Outlook: maybe add a few points which you would
consider important to address in future studies.

This is a good suggestion. We discuss this in more detail in Section 5. We have, for instance,
included the following: “As we, in the current study, have focus on only a few selected weather
indices, future studies might include other relevant indices. We note that reported avalanche
activity has become more detailed the last years, and new avalanche monitoring stations are in
operation closer to typical run-out zones. This will provide new insight into triggering weather
conditions, which can be used to study the link between weather and avalanche release.”

8 Literature

Overall, the cited literature seems appropriate, with an understandable larger proportion of Norwegian
publications. However, | suggest you also refer to the publications by Jamieson et al. (2017), who -
although for Canada - explored the impact of climate change on snow avalanches in transportation
corridors in western Canada, and Sinickas et al. (2016), who explored occurrence rates of avalanches in
a changing climate (again for Canada), and discusses uncertainties linked to climate projec- tions.
Furthermore, both papers provide additional references, which might be of interest (e.g. publications by
Eckert et al. on run-out distance in a changing climate).

Thanks for these suggestions. We have included Jamieson et al. (2017) and Sinickas et al. (2016).

We now discuss uncertainties associated with the climate projections in Section 5, including
uncertainties associated with the hydrological modelling.

9 Figures

Generally very informative and of good quality. Some minor remarks:



Sometimes figures have titles, subtitles, sometimes none. While | personally like titles highlighting the
figure and sub-figure content, check with the journal guidelines and be consistent throughout. Fig. 1: the
scale indicating 10 km and 50 km is rather small. Maybe enlarge, showing several increments of 10 km
and 50 km.

Fig. 2: a and b are missing. The colour bar for (b) should probably read [mm] as unit rather than %?

This is now fixed. Thank you.

Fig. 12: axis title for the elevation bands is missing.

If you mean y axis, the title (“masl”; now changed to AMSL [m]) is above the upper panel. For the
x-axis the exact numbers are not considered that important, as one can visually conceive the
fractions of different changes.

Fig. 13: check with journal guidelines whether masl is a correct abbreviation. %-sign is missing on colour
bar. While | like this figure, as it shows absolute changes in elevation, | would appreciate if it would
additionally show the mean value for the reference period 1981-2010 to emphasize the changes between
now and the future.

Thank you. We have changed to AMSL [m], a common abbreviation for “Above Mean Sea Level”).

The 1981-2010 values are included in the figures.

As outlined before, potentially some figures could be merged.

Maybe some of the figures could be presented as supplementary material to highlight key findings.
Frank Techel

techel@slf.ch

WSL Insitute for Snow and Avalanche Research SLF

References

Dyrrdal, A., Isaksen, K., Hygen, H., and Meyer, N.: Changes in meteorological variables that can trigger
natural hazards in Norway, Climate

Research, 55, 153-165, doi:10.3354/cr01125, 2012.

Jamieson, B., Bellaire, S., and Sinickas, A.: Climate change and planning for snow avalanches in
transportation corridors in western



Canada, in: GEO Ottawa 2017,
https://schulich.ucalgary.ca/asarc/files/asarc/snowavalanchetrendstransporationcorridors_geoottawa2017
5

jamiesonetal_1july2017.pdf, 2017.

Mitterer, C.: Formation of wet-snow avalanches, Ph.D. thesis, ETH Zurich, Switzerland,
https://www.research-collection.ethz.ch/handle/20.

500.11850/153874, diss. ETH No. 20662, 2012.

Sinickas, A., Jamieson, B., and Maes, M. A.: Snow avalanches in western Canada: investigating change
in occurrence rates and implications

for risk assessment and mitigation, Structure and Infrastructure Engineering, 12, 490—498,
doi:10.1080/15732479.2015.1020495, 2016.



Interactive comment on “Present and future changes in winter climate indices relevant for access
disruptions in Troms, northern Norway” by Anita Verpe Dyrrdal et al.

Markus Eckerstorfer (Referee)
Dear Markus Eckerstorfer (Referee #2)

We greatly appreciate the time and effort you have put into reviewing our manuscript, and for the
very detailed and valuable suggestions. Thank you for pointing us towards interesting and relevant
literature. We have responded to each of your questions and suggestions below, and hope to have
clarified some of the major issues raised. In particular, we better explain the choice of climate
indices and their link to avalanche release, which as you point out is a complex process. We have
cleaned up the use of terms and focus the manuscript more towards snow avalanches, including
slushflows, and challenging road conditions. In this regard, we have also made our aims more
focused. The manuscript has undergone a major restructuring and all sections have been rewritten.

General comments:

| highly welcome this study on future changes of winter climate indices relevant for snow avalanche
release. | especially appreciate that this study focusses on Northern Norway, as this is the area | am also
working in. There is certainly a lack of studies focusing on future snow avalanche activity in a warming
climate. At a first glance, this is rather astounding given the potential geohazard implications.

However, there are mainly two things that prevent the majority of studies from being made: 1) Avalanche
release is very complex and not fully understood yet. A combination of snowpack and meteorological
factors at different spatial and temporal scales lead to their release. 2) Knowledge of avalanche activity
over time at regional scale is not available in many regions.

This manuscript focusses on triggering meteorological factors and studies how they change over time
under a climate warming scenario. | think this is a great idea, however, this study falls short on a number of
major things. | would like to point these shortcomings out to the authors and ask them to consider my
suggestions:

1) Appropriate choice of winter climate indices: | do not think that all indices and/or their thresholds chosen
in this study are relevant for snow avalanche release. The problem might be that the authors are not
completely familiar with snow avalanche literature and the concepts of prescribing meteorological
thresholds to avalanche release. You are mainly studying direct action avalanching and as a starting point,
| would suggest looking into Hendrikx et al. 2005 in CRST, or Davis et al. 1999 in CRST, or Floyer and
McClung, 2003 in CRST.

Thanks for the comments and suggested literature. We agree that not all the presented indices are
relevant for snow avalanche release. However, the indices presented are relevant and potential
triggers of both snow avalanche and slushflow, or/and in a wider context, weather induced access
disruptions, which is the main focus in this study. The choice of selecting the final indices was also
based on the availability of the parameters as gridded data, both for historical and future data.

We made several edits and additions (including the new suggested literature) to make this more



clear.

You will find both meteorological variables, their rates and time scales at which we need to forecast them. |
do not think it makes any sense if you are for example neglecting thresholds cited from an NVE report and
instead use a 4 times lower threshold only because it gives you more data to work with. If you do so, you
would have to argue for it and explain the uncertainty associated. | also think you would for example gain
from deriving a snowdrift factor instead of looking at precipitation and wind separately.

Thanks for the suggestions. We agree that snowdrift factor is important. Such factors rate among
the top indices for avalanche activity (Davis et al. 1999: Hendrikx et al. 2005; Kronholm et al. 2006b).
We created and added in the text and got new results based on a snow drift factor presented by
Davis et al. (1999). They use the expressions from Pomeroy and Gray (1995) to derive the wind drift
factor as the product of the 24-hour snowfall and wind speed to the fourth power.

We have removed the analysis on wind speed alone.

I would also like to suggest rewriting the introduction after studying the literature on statistical avalanche
forecasting and by also considering climate change studies on avalanche activity. There are a few studies
from Switzerland (e.g. Schmucki et al., 2014, Marty & Meister, 2012) or France (e.g. Eckert et al., 2013,
Castebrunet et al., 2014).

Thanks for this suggestion. We have rewritten part of the introduction, and paid more attention to
literature on statistical avalanche forecasting and climate change studies related to avalanche
activity.

2) Past winter climate indices: | am not quite sure why the past development of the chosen winter climate
indices is of interest. In its current form, what do we learn from this exercise? These results would certainly
be of great interest if you could compare them to past avalanche activity. One could then calculate an
avalanche activity index and look if meteorological values were different between avalanche / non
avalanche days. There is a database of avalanche accidents from NGI, there are road closure databases
from Statens Vegvesen and there are regobs.no observations from recent years to work with. Finally, there
is NVE’s skrednett database of avalanche observations that could be used. | would like to suggest
rereading Jaedicke et al., 2008 for inspiration.

As concluded by Jaedicke et al. 2008 the study showed that the limitations of inhomogeneous data
collection of landslide and avalanche events in Norway can be bypassed by combining the event
database with a homogeneous meteorological dataset. This allows then statistical analysis to find
the most important meteorological trigger elements for the various types of landslides and
avalanches. Development of a robust model to compare meteorological values to past avalanche
activity is beyond the scope of this study. However, the work done by Jaedicke et al., 2008 forms a
central background of our study. For Troms most important trigger for snow avalanche release was
1-day precipitation and maximum wind speed during the event day, according to Jaedicke et al.
2008 (see Figure 2.2). Our three indices “Maximum snowfall intensity”, “Heavy snowfall frequency”
and “Snow drift factor” are highly relevant for this.



3) Mixing of terms and geohazard focus A lot of times you are talking about different types of slope
processes or you talk about slides and avalanches, snow avalanches, slushflows and so on. There is a lot
of intermixing of terms describing the same process. | would suggest you are clearly focusing on one slope
processes — snow avalanches and for that matter, the closure of roads by snow avalanches.

Thanks for this comment. We have clarified the terms. Our main focus is typical winter climate
indices known to potentially cause access disruptions in Troms, northern Norway. Snow
avalanches are among the natural hazards that most frequently lead to highway blockages. Also
slushflows are among the winter hazards that may lead to dangerous road situations and
sometimes also road outages. The frequency of both snow avalanches and slushflows are expected
to change with climate change. Finally the selected climate indices for the two above hazards are
also associated with access disruptions in general. Indices for the latter also include freeze-thaw
cycles (zero-degrees Celsius -crossings) which may lead to slippery road conditions.

Note that we now refer to “climate indices” instead of “weather indices” throughout the paper.

4) Two communities Since there are large differences between coastal and inland regions, wouldn’t it be
more interesting to look at communities from these two different regions?

Very true. But since this study is part of a larger project on winter weather induced natural hazards
and access/highway disruptions, we would like to stick to the selected focus areas of the project.
These areas are selected because they have experienced many avalanches, road closures and
isolation due to such events. However, we now report numbers for two elevation bands in higher
and lower elevations (see Section 3.2 and Table 2).

5) Aim of this study As | mentioned above, | find this study very interesting. However, | feel like your aim of
this study is rather thin and very wage. What does it mean to ‘go deeper’ into selected indices? What do
you mean by ‘somehow’ generating life interruptions and so on? | think you could present a clear research
question or even better a hypothesis (maybe based on the literature you presented) and then go on and
test it.

Thanks for this valuable comment. To make this more clear we have rewritten the aim of our study
as follows: “This study presents past and future changes in selected winter climate indices known
to potentially cause access disruptions in northern Norway. We have focused on the most common
access disruptions and selected climate indices which in literature are known to be potential
triggers of snow avalanches and slushflows, or somehow generate lifeline interruptions and
difficult and risky road/transport conditions in exposed coastal and fjord areas in Troms, northern
Norway”

6) Discussion and conclusion In many studies, reports and fact sheets on the climate change — avalanche
relationship, very general statements are given that in my opinion do not have much value. Simply because



there is always a second or third alternative scenario that is probably as likely as the one proposed.
Let me give you two examples:

You start by stating that areas with heavy snowfall and large snow amounts saw a high potential of dry
snow avalanches. This can be true (you could check by comparing with skrednett.no). However, there is a
different scenario, like we see in Japan every winter, that very frequent snowfall produces a snowpack that
is increasingly harder towards the bottom, preventing avalanches of noteworthy size from releasing. We
rather see frequent, very small avalanches, called sluff. You then go on by stating that there might be a
decrease in dry snow avalanching before 2040 due to a decrease in maximum snow amounts and heavy
precipitation. An alternative scenario would be that we suddenly introduce more favorable conditions for
weak layer development and get an increase in dry snow avalanche activity before it might decrease due to
shorter winters and less/no snow at low elevations.

| think you are getting my point. The solution to this problem might be to first carefully compare the
modelled winter indices to past avalanche activity (skrednett.no) in order to quantify which meteorological
triggering factors release which type of avalanches. Then one could pick two/three interesting cases (e.g.
dry snow avalanches triggered by snow storms, wet snow avalanches triggered by rain on snow) and play
through possible future scenarios.

Thank you for this insightful comment. There is indeed a complex, and hard to define, relationship
between weather and avalanches. We have attempted to focus on only snow avalanches and
slushflows, and more on difficult road conditions which is also a major reason for road closures in
the study area. We believe the revised manuscript is more focused. As for carefully comparing
winter indices to past avalanche activity, we rely on former studies on the subject.

7) Language and typos | am not an English native speaker, so | do not comment on language and typos.
However, | found quite a lot typos in the text.

Thank you for this information. We have looked for and corrected typos more carefully.

Specific comments: 1 Introduction Is the reference to Platt, 1991 relevant here? This reference is neither
very recent, nor from Norway.

The reference is removed.

After | googled the reference to Jacobsen et al. (2016) | feel like that the first part of your introduction is
uncomfortably close to the introduction written by Jacobsen et al. Could you consider change your
introduction to make it more your own!

The first part of the introduction is rewritten.

Your reference to PRA Hordaland is from 1995. Could you please find some newer numbers that certainly
exist?!



The reference is removed.

What is a ‘debris avalanche’ that you are mentioning here?

Changed to landslide.

The paper by Hestnes & Jaedicke (2018) is not a study really, but much more a discussion paper. They do

not present any data that supports their claims, but rather discuss different scenarios of what is likely to
happen.

Changed the wording to “in their recent paper Hestnes & Jaedicke (2018) discussed....”

2 Study region Being entirely above the Arctic circle, | would say that the entire county of Troms lies in the
Arctic.

Changed from Sub-Arctic to Arctic. However, the climate in most of Troms is not Arctic: most of the
lower seaside areas have temperate rainy climate. Thus we added this sub-sentence: “, but with a
partly sub-Arctic climate”.

Please consider to be a little bit more accurate with the term ‘avalanches’. You are using different terms
describing the same process as well as the same term to describe different processes.

In the revised paper, we use snow avalanches as a common term for all kinds of snow avalanches
and slushflows, which also is a major natural hazard in Norway (cf. Hestnes 1998, Annals of
Glaciology 26). We also refer to landslides as a common term for rock avalanches (including rock
fall) and debris avalanches (debris flows, mudflows), unless where a specification into type is
needed. We have stated this in the Introduction and refer to the classification from Kristensen et al.
(2015): http://publikasjoner.nve.no/rapport/2015/rapport2015_90.pdf.

The fatality statistics by Walberg and Devoli, 2014 is from 5 years ago. You could look at NVE’s varsom.no
site for updated numbers. Especially since there were quite some fatalities in recent years.

The database skredregistrering.no contains 5815 events from year 900 until 2019. There were 213 events that
had one or more casualties cover the period 1730-2014. For snow avalanches, the most updated numbers are
available to the winter 2018/2019 (from NGI and varsom.no). We consulted Graziella Devoli at NVE, who
extracted all registered casualties in Troms from 1730 from skredregistrering.no. This database is updated
until 2. December 2019, but suffers from not being regularly updated. We found that casualty numbers for
snow avalanches after 2014 are not complete. There are no registered landslide fatalities in Troms since 2014.



We have looked up the numbers and have changed the text in the Introduction to:

“Both snow avalanches and landslides have led to fatalities in Troms. An analysis of the Norwegian mass
movement database http://skredregistrering.no/ (database version December 2019) shows that for the period
1730-2014, 376 casualties were registered in Troms. Snow avalanches resulted in 295 casualties, whereof 121
people were hit in buildings and 9 on roads. Since 2014, an additional 12 casualties are registered, according
to varsom.no (all were skiing or driving snow mobile). For other landslides, 81 casualties are registered,
whereof 57 in buildings and two on roads.”

This database provides a minimum estimate of historical casualties related to mass movements in Norway.
Note that this database is incomplete and many of the entries have poor quality, for example, snow avalanche
casualties in a database compiled by the Norwegian Geotechical Institute
(https://www.ngi.no/Tjenester/Fagekspertise/Snoeskred/snoskred.no2/Ulykker-med-doed) amounts to 183 for
the period 1972-2014, compared to 165 in http://skredregistrering.no/ for the period 1730-2014.

This figure summarises casualties registered in Troms.

Legend
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Is it two or three municipalities you are studying? You are presenting confusing numbers.

Thanks for pointing out this mistake. We have changed to two municipalities throughout the
document.

The link to the avalanche hazard map is not working. It is called ‘susceptibility map’.

This link is now removed as we restructured and rewrote the section.

What is the difference between a ‘slide’ and an ‘avalanche’?

We have changes slides to “landslides”.

When you talk about numerous stretches of roads having steep slopes on their sides, | feel like this
statement is not really supported. How many roads, on either sides or just one side, how steep, steep
enough for avalanches to occur or maybe too steep?

We have now added two references to this sentence, and modified it to: “In parts of Troms, as much
as 50% of roads are located within susceptibility maps for snow avalanches and rock fall (NGl et al.,
2013). Numerous stretches of roads in the study region go along alpine mountain sides prone to
snow avalanches (Statens vegvesen, 2014), thus also to closures and damages, as well as
representing a threat to people’s safety. Only along Mefjorden there are 18 known avalanche tracks
with runout zones encompassing the access highway for the fishing villages Senjahopen and
Mefjordvaer (Sjomatklyngen Senja 2017).”

You are presenting data from two weather stations; however, the place names are not known to other
readers. Could you mark them in Figure 1 for example?

The station TROMS® is marked. We have removed the station LYNGEN - GJERDVASSBU from the
text, according to suggestion from reviewer 1.

Figure 2 The color bars make it difficult to understand in detail which temperature and precipitation certain
parts of the region experienced. In particular as the tick marks with the numbers are not aligned with the
borders of each color. Could this be changed so one can not only understand the overall spatial trend, but
get a little bit more detailed picture of what is going on?

We have changed to continuous color bars instead of sharp intervals, as in the other figures.



You are defining winter as the period October — April. Is this an officially used definition of the period or is it
arbitrary chosen by you? If the second is true, could you argue for it?

The October-April season is often used as the winter/snow season in Norway.

Figure 3 | wonder if the graph would be more readable if you stretch them out horizontally across the entire
page? Maybe also changing to a bar chart would help understanding the trends that are going on. Right
now, the graphs appear very cluttered and are difficult to read.

Thanks for this suggestion. We have changed the graphs as suggested.

3.1 Gridded observation-based data To make sure, you are talking about daily average temperature (T)
and daily amount of precipitation (P).

Yes, changed to “daily mean temperature (T) and daily precipitation sum (P)”.

3.2 Future projections (you number it falsely 3.1) What does HBV model stand for?

HBYV stands for Hydrologiska Byrans Vattenbalansavdelning (in Swedish), but HBV is mostly
used. We added the following sentence and reference for more information: “Datasets of
precipitation, temperature and hydrological variables described here contribute to the natural
scientific basis for climate adaptation in Norway, as described in Hanssen-Bauer et al., 2017).”

Gridded wind data is used from the past, but no projections are made? Why use it then? And what about a
wind drift factor?

Now, projections of wind is also available. See section 3.1 for description. We use this in
combination with snowfall to compute changes in snow drift in the most exposed locations in the
focus areas.

Table 1 | am not a climate modeler, so this table does not make much sense to me. What are all the
acronyms stand for? Why are there ten combinations of these things and what does that mean? Could you
try and explain the table better?

We have changed the numbers to crosses and explained the table in more detail in the caption. We
also moved the table to the Appendix. We also explain how the projections are made in more detail
in Section 3.2, and discuss the uncertainties in Section 5.

3.3 Weather indices You could shorten the first paragraph to two sentences since you are explaining both
the literature search and potential triggering factors twice. The transition from dry to wet snow is decisive of
the release of wet snow avalanches. The statement by Lied & Kristensen (2003) is certainly true, however,



| believe not really relevant for your study. Your last paragraph citing the study by Eckerstorfer et al. (2018)
reads like study area description. Please consider moving it there.

We have removed the statement by Lied & Kristensen (2003).

We have moved the part from Eckerstorfer etal. (2018) to Section 2.

4 Results Figures Could you underly these maps with a hillshade so high and low-lying areas are better
visible for interpretation?

We believe that underlying the maps with a hillshade would make it difficult to see and disturb the
colors of the results. The topography is shown in Figure 1. We have increased the contrast to make
the topography more clear.

Isn’t it counterintuitive to color negative change in warm colors and vice versa?

This seems to be a recurring subject of discussion. We agree that red is often used to show
positive changes. Our reason for using blue as increasing is the fact that most of our indices
are related to precipitation, which is associated with the color blue.
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Abstract. ir-sSemeA number okeaside communities iroms in northern Norwaythe- arevulnerablityle to sudden
weather induced access disruptiénéigh, due to frequent high impact weatherhe-regierandthedependency on one or
few roadsparticularlyexposed to avalanches, wiredhd challenging road conditicastandslides-and-altkh this paper we
study changes inypical-selected indices describinwinter weatherindices-known to potentially cause such access

disruptions inthe-regienTromsA gridded observation-based dataset is used atyse changes in present climate (1958
2017), while an ensemble afn10EURO-CORDEX climate model simulations are useddsess expected future changes
in the same indices, towards the end eftthenty-firstpresens century. We focus odlimateweatheindices associated with
snow avalanchegsuch as maximum snow amoumte-  snowfall intensity and frequeneynd, and strongsnow driff;
andbut-alsdor—slushflons wheretotal-watersupplyrainfall during winterfrom-melg-and-liquid-precipitations highly
relevant. Allthese climateweathéndices are also associated with access disruptiogeneral, includinfreeze-thaw cycles
described as zero-crossingsterms-of-temperatures-crossing-zero-degreesuSétemperature crossirgpro 0 °G-degrees
G%emssmg;whlehthatmav lead to slippery road condltlons—tetal%l&epp%and#}e#eq&eﬁeyeﬁﬁgh%mnd

iedOur results show that there are large climate

gradients in TromsCountyand also in detected changes.bimh our twofocus areasSenjahopen/Mefjordveaer in Berg
municipality{Mefiorden)and Jgvik/Olderbakken in Tromsg municipality-hewewee find that the-an-increase-studied
snow indiceshave become more frequantpresent climate, while-strong-decrease isthexpectio become less frequented

in near and far future, particularly in low elewats where snowoverduring winter might become a rarity by 21@ents
ofHeawy-watersupply heavy rain during winter éseather infrequent in the preseninter climate of Troms, but we show
that these events are likely to occumchmore often in alirlandregionsareaim the future AIthough thelikelihoodrisk of

dry snow-related access disruptions might decre

ofwet-snow avalaches and skehflows may become morgrobablelikelyin a warmer and wetter climate. However, there

are contradicting arguments related to the devedopirof snow avalanches in a changing climate dubdgacomplexity of
avalanche releas&Ve find morethatzero-crossingsknown-to-destabilize-the-snew-pack-and-causefabickave-increased
in most parts of Troms during the ldstv decades, and-further-increase-is-expectedthis trend is exgeitecontinuefor
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inland regionsand high elevationsregioria the future, while coastalnd low-lying regions can expedewer -lesszero-

crossingsStrong snow drift, as a combination of snowfall avidd speed, have slightly increased in the twafoareas, but

a strong decrease is expected in the future diessosnowThe higherikelihoodrisk of water and rainfall-induced hazards

and more frequent freeze-thaw conditions callscreful coordination of climate adaptation, coofierabetween different

sectors, as well aadditionalguidance and training of local authoritiesspeciallyin expesed-—and-remotegionswith
highways exposed to such natural hazafdshe same time, research into the complex wtatiip between weather and

different types of hazards, especiallgt snow avalanches astiishflows, is needed.

1 Introduction

Since the turn of the century, there has been siderable increase in the number of rapid mass mewés that affect

highways in Norway, according to registrations by Norwegian Public Roads (Statens vegvesen, 2014).

It has been estimated that one fourth of Norwawtslip roads are vulnerable to snow avalanches ackfalls (Frauenfelder

et al., 201336.57. Small communities in Troms, northern Norway, among the most vulnerable to weather induced

access disruptions. Both snow avalanches and Idaddiave led to fatalities in Troms. An analydithe Norwegian mass
movement database http://skredregistrering.noAlidese version December 2019) shows that for thedp#&730-2014, 376
casualties were registered in Troms: Snow avaland®ilted in 295 casualties, whereof 121 peopte Wi in buildings

and nine on roads. Since 2014, an additional 12aitkss are registered, according to varsom.nos@ie skiing or driving

snow mobile). For other landslides, 81 casualtiesegisteredn Troms whereof 57 in buildings and two on roads.

Quite a few highway stretches along alpine moustdes in Troms are sporadically closed nearly ewenyer due to

climate-induced incidents such as blizzards, hemewfalls, strong winds, and avalanches. Sevegamys in Troms are

also being closed in times with imminent avalandaeger, such as polar low pressure alerts. Snolaretaes are among

the natural hazards that most frequently leaddbvaay blockages, in numerous instances for longeogs of time. Also

slushflows and ice-fall are among the winter hagainéit may lead to dangerous road user situatisths@metimes also

road outages. Access highways have been regardieliass; connections that health, safety, comfand social and

economic life depend on (Holand, 2014). Socialrsmestudies have revealed that roadside avalareitewinter weather-

induced road closures commonly lead to worries ahmad travel and numerous practical problemsrfbabitants,

businesses, and the public sector (Hovelsrud €2@18; Leiren & Jacobsen, 2018). Although manydersis have been able

to prepare and adjust to reduce their vulneratslito such recurrent lifeline disconnections dutimgwinter (Jacobsen et

al., 2016), there might be negative long-term intpéar communities that have been repeatedly isdlahd often exposed

to risky cold season road travel (Hovelsrud et24118).
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The Arctic region, which TromEeuntyis part of, has experienced a major change in ¢tinoaer the past few decades,
driven by increasing temperatures (AMAP, 2017; \diktar-Schuler et al., 2016; Hanssen-Bauer et al9)2For instance,

Vikhamae-Schuler et al. (2016) found that five indices dimieg winter warming events in the Nordic arctigi@n have

increased significantly during the past 50 ye@tss trend, being stronger in autumn and winter tighnis significantly

larger than the global average (Cohen et al., 20844 is expected to continue in the future (e AR, 2017), Using a _ - ‘[Formatted: Font: 10 pt

daily interpolated dataset, Dyrrdal et al. (2012yformed a Norwegian national analysis of past gkanin weather
variables that can trigger natural hazards. FomiBiothey found that the frequency of moderate tonst precipitation

events, and the intensity of strong precipitatioends, had increased during the period 1957-2066wSamounts had
increased in colder areas (inland), while in warmeras (coast and seaside fjord areas) snow amwanés somewhat

reduced. Analyzing large snowfalls and the numbesnmw days revealed similar patterns, but trendsevweaker. The

number of near-zero events had also increasedgitivinsame period.

Whether increasing temperatures and precipitatidhlead to lower or higher probability of snow daaches is much

debated, and depends on avalanche type, slope,coimditions etc. Studies performed using historitzth and projections

in western Canada did not suggest a substantisdase in avalanches reaching transportation cogiftamieson et al.
2017). Results by Sinickas et al. (2016) suggettatinatural avalanche occurrence rates over the3f@ayears in western

Canada had decreased or stayed constant. Howkeaedults were associated with a very high lefehaertainty. On the

other hand, Ballesteros-Canovas et al. (2018) sstiiiat the transformation of dry snow packs intd smow packs is

decisive for the release of snow avalanches, whigilains an increase in wet snow avalanches in &kfesiimalayas as

winters_have become milder. Hestnes & Jaedicke §PBave discussed that global warming altogethdlr redluce the
impact of slushflows and avalanches on humans Hjoffdey explained this reduction with milder wieat, shorter winters
with less snow and rising snowlines in populategials. The same study indicated that the total dis& to rapid mass
movements will most likely increase.

Castebrunet et al (2014) shred some light on tbesgadicting arguments, as they projected a gédemease in mean and

interannual variability of avalanche activity inettFrrench Alps, with an amplified decrease in spand at low altitudes.

While in winter and at high altitudes they projetém increase because conditions favourable tam®t avalanches comes

earlier in the season. Similarly, Hanssen-Baued.g019) stated that an increase in heavy snbwifdieavy rain on snow

may increase the occurrence of snow avalanchehiding wet snow avalanches and slushflows), whilsharter snow

season and reduction in the maximum annual snowatsenay decrease the probability of dry snow andlas. Hanssen-
Bauer et al. (2019) and Hanssen-Bauer et al. (26tlI7gonclude that the probability of wet snowatanches and slushflows
is expected to increase in Norway.
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The current study presents past and future chaimgsslected winter climate indices known to potaliti cause access

disruptions inTroms northern NorwagerthernNerway We have focused on the most common access dsmgpand

selected climate indices which in literature ar@wn to be potential triggers of snow avalanches sindhflows (thus

focusing on natural avalanche occurrences), or bomejenerate difficult road/transport conditionsekposed coastal and

fiord areas in Troms. First, we present the stuglyion and climate (Section 2), we describe the dath method, and

identify relevant climate indices (Section 3), bref@resenting results (Section 4), and wrappingnith discussion and

conclusions (Section 5). The study will supplensotial science investigations and advance natazard understandings

by providing an overview of historical developmemtd projected future changes in climate indices@ated with winter

season road travel safety and lifeline disruptionBromsCeunty
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Despite the expectation of more frequent snow aedles and landslides as a consequence of a wanchevedter climate in

Tromswas until ' January 2020-ithe second northernmost county in Norway (see mapig.ure-1);, -located between _ {Formatted: Superscript

68.3 and 70.3°degreedNnorth, but was merged with the neighboring county of Fianmto form the neylroms og _ - { Formatted: Font: Italic

Finnmark county. Tromsthuforming a part othe Arctic region, but with a partly sub-Arctidrobte.the-Sub-Arcticregion.

The Sub-Arctic and Nordic Arctic regions furtherrthohave experienced a major change in climate dverpast few

groms consisted in 2018 of 24

municipalities with a total area of nearly 26 0082%kand around 165 000 inhabitants. The long cazestwith thousands of
small islands and islets, including some of Nongadgrgest and mountainousslands, meets steep mountains further inland,
resulting in a complex topography (see map intFigl). Large parts of the population and infrastruetir Troms are
located in narrow zones along the sgalsere particularly- partlyin fjords surrounded by steep mountain slopes. The
topography, along with geological and meteorololgmdmons makss the%eun&ymany roadparticularly prone to
avalanchesMere
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forecasted avalanche danger during the two wirdé014-2016, and identified the highest magnitasialanche cycles {

when non-persistent weak layers, such as buried sresw and wind-transported snow, were forecastedvasanche

problems.

// // Formatted: Font: (Default) Times New Roman, No underline,
/ Font color: Auto

Formatted: Normal, Space After: 0 pt, Line spacing: single,
Pattern: Clear

Formatted: Font: (Default) Times New Roman, No underline,
Font color: Auto

‘{ Formatted: Font: (Default) Times New Roman, No underline,

Font color: Auto

Formatted: Font: (Default) Times New Roman, No underline,
Font color: Auto

N
skred/kartlegging/aktsemdkart/aktsomhetskart-farskred/).In_parts of Troms, as much as 50% of roads aretddca \\ ?Tafted;\ Ftont (Default) Times New Roman, No underline,
LU ont color: Auto
epfroadsin-the v °
within Susggpjlk)llltv mgp}jgrﬁﬂg\l\i gvgljigghgg apckfall (NG| et al., 2013)Numerousioadstretchesmi-roadsin-th a \\\ \ Formatted: Font: (Default) Times New Roman, No underline,

Font color: Auto

Formatted: Default Paragraph Font, Font: (Default) +Body

|&\\\\ \\
(Times New Roman)

,,,,,,,,,,,,,,,,,,,, m\\\ v\

Formatted: Font: (Default) +Body (Times New Roman), No
underline, Font color: Auto

runout zones encompassing the access hlqhwayédnsﬂhmq wIIaqes Senjahopen and Mefjordveer (Sjtisipagen Senld\\\\m\ \
\\n\\\
2017), In our gridded data, Focus area 1 coversgditbcells (1x1 km?), ranging from 0 to slightlyone than 800 meter k» \\

/—«7—«/—«

Formatted: Font: (Default) +Body (Times New Roman), 10
\[_pt, No underline, Font color: Auto

AMSL. Real elevation might be higher due to smamghin the gridded elevation data. Focus Area ialker with 162 qud \W“‘\{ Formatted: No underline, Font color: Auto

“\u

cells, but with steeper topography ranging from 0 to almost 1800 meAISL ‘\n Formatted: Font: (Default) +Body (Times New Roman), 10

pt, No underline, Font color: Auto

”u\ ”” Formatted: Font: (Default) +Body (Times New Roman), 10
w\ 1\\\“\\ pt, No underline, Font color: Auto

‘1\ \m\
m‘

The climate in Troms is strongly influenced by twamplex topography with large gradients betweerstfézdfjords and \m\“m\

iy

Formatted: Font: (Default) +Body (Times New Roman), No

! “W”\{ Formatted: No underline, Font color: Auto
{ underline, Font color: Auto

(/G| W U U N U U U U, U, /| U U, /| W/ W

inland regions. Duringhe winter season, Troms is characterized by a reltimild and wet climate in coastahd w;[\\\ { Formatted: Font: (Default) +Body (Times New Roman), No
fierdfjord areas, whileheinner partssf-the-countyare cold and dry (seed=igure2). Mean winter temperatures range fror‘)n\\nm‘y‘[ underline, Font color: Auto
Uiy, | Formatted
slightly above zero along theaside-ceado around -12C degrees-Celsitin high elevated areas inland. Valley regions 'h\\“”\\[ F tted -1
I Formatte ... [2]
the inner parts of Troms are particularly dry, witlean winter precipitation of less than 200 mm,levhialues in southern m 1[
m” Formatted ...[3]
coastal regions reach about 1200 mm. Polar lowsjman for this region, can giveudden periods wi btrong winds and mm\[ Formatted [ﬁ
heavy preC|p|tat|0n in winter ti mm[ Formatted (.. I5] ﬂ
)
j m\,\[ Formatted ... [6]
\\\[ Formatted . [7]
|
(l\\[ Formatted ... [8]
\\\[ Formatted: No underline, Font color: Auto ]
\\[ Formatted [Wi
[ Formatted: English (United Kingdom) ]




10

15

20

25

30

According to a report on projected climate-relatbdnges, “Troms climate fact sheet” (Hisdal et2017 based on results

from Hanssen-Bauer et al., 2Q1#rom the Norwegian Centre for Climate ServicRECS; klimaservicesenter.no), annual

mean temperature in Troms is expected to increasdbut 5 °C as approaching the end of the pressrtiry (compared to

the historical period 1971-2000) under a high eimisscenario (RCP8.5), with a slightly larger irase during winter.

Annual precipitation is expected to increase byualdd%, with a larger (30%) increase during sumrkarther, days with

heavy precipitation are expected to become mowéet and with higher precipitation intensity, désg in an increased
probability of precipitation-induced landslides bds flows, and slushflows The same report stdias $now amounts will

likely decrease drastically in lower altitudes apisodes of melting will become more frequent intesi, while some higher

altitude regions might expect increasing snow an®tmwards the middle of the century. From the @®weent of snow _

during the first decades, followed by reductifrdry snow avalanchgewards the end of the century (Hisdal et al., 3017
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passes. Wind projections are highly uncertain dmdvsno strong indication of change according toddliset al. (2017) and

Hanssen-Bauer et al. (208). However, some studies have shown a change ilor@ydensity in the regigna study by

Bengtsson et al. (2006) indicating that the locatiad intensity of storms are expected to changsiderably in the future

while the change in the total number of cyclonel ne small. Empirical-statistical downscaling oM@5 simulations

suggest an increase in storm activity in northeomy and in the Barents region in the far futParfling & Benestad,

2016).
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3 Data and method

Three weather variables are of main interest is shidy, namely precipitation (including snow), teimperature, and wind,
and combinations of these. We computdhanges in selected indices (see chapter 3.3y tmse¢hese weather variables
using datasets that cover the recent climate (:2887) and projected future climate (2041-2070 &wil22100). As most
disruptions due to weather occur during the extdmwdater season, this is our season of focus. Wsgason is defined here
as the months October through April (212 days faljo

3.1 Gridded observation-based data

To obtain spatially continuous information on theeent climatethe Norwegian Meteorological institute (MET Norway)

provides gridded datasets of daily mean, minimuch maximum temperature (T, Tmin, Tmax) and dailycipiéation sum

(P) for the Norwegian mainland. The dataset, refeto as “seNorge”, is based observationgnterpolated to a 1x1 km

grid of daily temperature-{T)-and-precipitationd®ering the period 1957present—have-been-interpolated-onto-a-1x1 km

gHa-ove ne -Norwegian-maiiand Ae-gHagaega-aiatarreatoa eNorge aVahabie AW SeRalg; Rg-cove he

period—1957—presenDifferent versions of seNorge exist, based on diffié interpolation methods and input data. For
temperature, we here analyseNorgel (e.g. Tveito et al., 2002) as it inclugdé@smum (Tmin) and maximum temperature
(Tmax) from which we calculatezero-crossings. seNorgel temperature was develtpedgh residual kriging using
terrain and geographic position to describe thesrd@histic component. For precipitation, howevee wse seNorge2
(Lussana et al. 2018), based on Bayesian spat@bpivlation and Optimal Interpolation (Ol) to prgpée information from
coarser to finer scales. Snow variables, includiady total snow water equivalent (SWEnd,fresh snow water equivalent
(FSW; change in SWE from one day to the next);water-exjent-oflast-day's-snowfall)}-and-snow-depth(Sipsare

computed from seNorgel T and P using the seNorge smodel v1.1.1 (Saloranta, 2014his uses a precipitation/degree-

day snow model with a snow routine similar to thBVHmodel (Bergstrom 1992), which is described ingEset et al.

(2004). In seNorge snow model v1.1.1 a temperahdependent melt term is added to the temperatepertent degree-
day term, while the melt threshold temperaturedptkat 0°Cdegrees—CelsiusThe new melt term is proportional to the

potential solar radiation, thus varying with thendmnation of latitude and time of the year. Sal¢aaf2014) found that the

average station-wise median bias for snow deptm fitte seNorge snow model v1.1.1 lies betwed?® to +17 % all the

way from January to the end of April. Siree-bupeecipitation from seNorge2-issw used as inputi the snow modgethe
gridded snow products are referred to as seNordeM2Hereby, we refer to all seNorge-dataseteblosge, followed by
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the variable of interest, for instance: seNorge XaeeNorge is an operational product updated every atay available on

www.senorge.no, and provides important input toabaanche forecasting in Norway presented on wamgom.no.

For wind, a dataset of daily mean 10-meter wincedp@&F), named KliNoGrid, is available on a simiaid as seNorge for
the period 1957-2015. This dataset is downscated & high-resolution (10 km) hindcast of wind anaves for the North
Sea, the Norwegian Sea, and the Barents Sea (NORR€listad et al., 2011)¢hich-evaluaingesrelatively well along the
coast of Norway. The downscaling was performed wetlguantile mapping approach (Bremnes, 2004) toctmiie
climatology of the high-resolution numerical weathgrediction model (AROME-MEtCoOp, Miller et al.,027).
KIiNoGrid is available for public download at
https://thredds.met.no/thredds/catalog/metusensfglid/KIiNoGrid_16.12/FFMRR-Nor/catalog.html

3.21 Future projections

To assess expected future climate developmentsee projections from climate models. The model iséarts with low-

resolution General Circulation Models (GCMs) cowmgrthe entire earth, which output is used into Reaji Climate Models

(RCMs) that simulates climate on a finer grid ogeregion. Finally, &A ensemble of ten simulations from the EURO-
CORDEX project (Jacob et al., 2014), representiffgrént combination of5CMs and RCMs-General-Cireulation-Models
{GEMs)-and-Regional-Climate-Meodels (RCMws been downscaled to a similar grid as the seNgrig described above

(1 km horizontal resolution)Due to the systematic biases in the climate modgbus and their mismatch in scale with

impact models data requirement, a post-processingdessary to obtain plausible time series foinukecal impact studies.
The downscaled EURO-CORDEX ensemfile the entire period 19732100 wasfurtherbias-adjusted towardsi-earker
version—ofseNorgeversion 1.1for daily mean temperature and daily precipitateam (Wong et al., 2016using—an

empirical-quantile-mapping-methodfor-the-entieeigd-19 00, while for daily mean wind speeslKtiNoGrid dataset

described above was used as reference for thealjastment. An empirical guantile mapping method wsed in the bias-

adjustment of precipitation and wind. For mean terafjure the same method was used on the anomaiiele for

minimum and maximum temperature a quantile deltppim method (Cannon et al., 2015) was used opribjections..

We refer to the corrected datasets of temperataredprecipitationand windas “EUR11-Norl”, where EUR11 stands for
EURO-CORDEX with 0.11° resolution, Nor stands fasriWay and 1 stands for 1 km resolutigirese-datasetsTemperature
and precipitatiorwere thenused toforced-with a spatially distributed, griddeldydrological model {versien-che HBV
mode) (Wong et al., 2016) to generate daily time seoifdifferent hydrological components. Here we fagiisn daily
SWE, from which we also comput@aily FSW{change-in-S\WE from-ene-day-te-thenefile Norwegian government

recommends, as a precautionary principle, usinghible emission scenario when assessing the eftéatimate change

(Norwegian Ministry of Climate and Environme@013), thus we only analysed projections from R@P8.5 emission

10
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scenario. Datasets of precipitation, temperatutehymirological variables described here contritiotéhe natural scientific

basis for climate adaptation in Norway, as desdrilreHanssen-Bauer et al., 2017). Some of tlfpracipitation, daily

mean, maximum_ and minimum temperature and SWiE¢, available through the Norwegian Climate DatareSt

https://nedlasting.nve.no/klimadata/kss—-linghvithe Norwegian-government “principle-of preparess” with-regards-to

CcCLM- 1 3 9
RCA 2 6 7 8 10
e 4
RACMO- 5
ECMWFE CCLM | CLM-Community e
CCLM
== == HIRHAM [ Danish-Meteorologicalinstitute, DMI | EC-EARTH-
B e
EC ECMWE RACMO | Reyal—Netherlands— Meteorologic | ECG-EARTH-
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HadGen RCA SMHI HadGEM-RCA
PSL RCA SMHI 1PSL-RCA
ot Max—Planek-| CCLM | CLM-community ]
Institut
ot Max— Planck- e S = e
Hastitl

3.3ClimateWeather indices

Te-connect-weathervariables to-read-closureseviféntifried indicesdescribing weather elementich in literature are
known to be potential triggers efiow avalanches and slushflowapid-mass-mevements-such-as-slides-and-avalamarhes,
somehow generate difficutbad/transperconditionsfor road users. . For frequency indices, we prdmally selected the
thresholds to facilitate a trend analysis, but vadieve that the pattern of changes for low-threshevents can be
transformed to higher-threshold evenfée final choice of seleetling-thesandices was alsinfluenced bybased-othe
availability of the parameters as gridded datth for both historical and futur@eriodsdataOfFer rapid mass movements

the lindices analyzed here are mostly relevant for sapislushavalanchesind slushflows. Fenveather induced access

disruptions in generat-but-have-alselave chosa indices thatoften lead to difficult road and driving conditioriBhe
derived indicesverearddentified from literature referred to in the folting text, ancresented in Tablé2 below.

In this paper, we use snow avalanches as a comeran for all kinds of snow avalanches (includingshlilows), and

landslides as a common term for rock avalanchetu@ing rockfall) and debris avalanches (debrisviomudflows), unless

where a specification into type is needed. We tialewed the classification from Kristensen et(@015).

fresh-depthJaedicke et al. (2008, 2008)udied_coupled 20 000 historical landslide andlamnghe events in Norway
Combining avalanche and meteorological data for pleeiod 1961 to 2005 te—the—correlation—betweentagerdl

meteorological elementsThese data sets were then used in a classificatee analysis to identify the most relevant

meteorological elements causing avalanches andsllded. ; ipitation; W d

wWs—in-N

wayResults showed thanow avalanches had the
highest correlation with meteorological elementshsias wind and precipitationwhile rockfals showed the lowest

correlation (Jaedicke et al. 2008). The study akseealed that the most important elements triggetandslides or

12
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avalanches varied spatially over Norway. While §-geecipitation was the most important trigger $mow avalanches in

the coastalsouthwestern part of the country, both wind and preaimh played an important role in northern
Norwavprecipitation-is-the-mo eguen evallanches-and-in-nNorthern Norway wind-is-alsanapeortant-triggerof
shew-avalanchesSandersen et al. (1996) found that particulatlgng storms with heavy rain and snowfall frequentl
initiate landslides and snow avalanches, and cdeduhat debris anslush-flowslushflows in Norway are often initiated at
times ofheawy high water supphywater-supiftpm intense rainfall and/or rapid snowmelt. NVED14) indicated a critical
threshold of 40 mm/day of totalatersupplyrain+melgiven by field experience and measuremenise we studied winter
rainfall events (precipitation amount on days with> (°C)tr-the-current-study—a-threshold exceeding astiolel of 10

mm/dayy-for-water-supply-is . During such rainfall everine can expect an extra contribution to wateplsuthrough

melting. In addition to potentially leading to gigry road conditions due to low surface temperatanmed/or freezing at

night, such winter rain events can lead to the &iom of thick internal ice layers in the existisgowpack, which again

inhibits for instance reindeer from foraging anehits vegetation growth (e.qg.
2019). -chosen-due-to-the-very-low-number-of everteeding-higher-thresh
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It is accepted that the most high-risk temperatunen it comes to slippery roads is when the roathee is around or just

below 0 °C Fheores—1991Andersson and Chapman ZOH—QWMWM%%Q@W%MWOM

conditions-Gustafson, 1983Thornes, 1991 Anethe

cressing-eventdere, a zero-crossing is defined as Tmin < 0 andXdmO0 on the same ddeiger et al.,

ero-
2012; Kerguillec,

2015) meaningthat-we-meve_a fluctuatiobetween freezing and thawing conditioms.better index for slippery road
conditions could have included surface temperaamd humidity (Gustafson, 1983), but these variablesearenot

available as gridded fields. Besides, surface teatpees on roads depend on the thermal conductitiye road pavement,

which is not known. In lieu of surface temperatusgs decided to use maximum and minimum temperstizieen at 2 m

height as a proxyFrequent zero-crossings can lead to difficult roadditions and destabilize the snowpaBRllesteros-

For our study region Eckerstorfer et al.

Table 12 Description of selected climate\Weather/climatindices

ClimateWeather | Dataset Dataset Details / Associated hazard

index Present climate Future climate Abbreviation

Maximum  snow| seNorge SWE EUR11-Nor1-SWE WM-SWE Snow-Aavalanche

amount

Maximum seNorge FSW EUR11-Nor1-SWE WM-FSW-1d ——Snow __avalanch

snowfall intensity WM-FSW-5d slippery __roads __ al

1 and 5 days difficult driving
conditions

Frequency of seNorge FSW EUR11-Nor1-SWE FSW-1d >5mm  [Snow avalanche, slippd

14

(2017) atoded that Tamokdalen in Troms (about 50km south o
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Past trends in winter maxima and peak-over-thresbeéntsvereareassessed through the rank-based nonparametric-Mann
5 Kendall trend testR-package Kendallp identify positive and negative trends, and estd their statistical significance at a
5% level. Mann-Kendall tests the null hypothesst tine data are independent and identically disteith, and is well suited

to study hydrometeorological time series, as tleseusually non-normally distributed (Yue & Pilo@@). In addition, we

computel the percentage change between the mean valuesttiefirst 30-year period (1958-1987) and the Bsyear

period (1988-2017). Farerme-indi

assnow drift which is only computed for

10 selected grid cells in the two focus areas, nodtr@malysis is performed—éwate;—supplyand—Mngspeed}we%rmply

To assess expected future change, we coriphémercentagehange in temporal mean between the historicabger®81—
2010 and two future periods; 2041-2070 (near fl)ltamﬂ 2071-2100 (far future) through the methodsidieed aboveln
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For both past and future changes, we extdatean spatial statistics over thenole of Troms and for thewo focus

areasregies and present thege a separate table-in-a-separate-table. Withih éarus area we additionally identified two

elevation bands representing likely snow avalanefease zones (> 700 meters AMSL in focus areadlbatween 1000

and 1300 meters AMSL in study area 2) and likelglanche run-out zones (< 200 meters AMSL), and rtepo changes

computed for grid cells falling into these elevatlmands. All roads in the study areas are locagdmiAb200 meters while the

high elevation band is defined a collaboration vaital avalanche experts.

In the attempt to identify the period for which snavalanches may become a larger threat, and ahvgiint they become
a decreasing threat, we investighatke past and projected development in maximum smoounts for different elevations.
We also analyedzefuture changes in the median elevation where wimaximum SWE is lower than certain thresholds;
100 mm, 200 mm and 400 mm. Due to the large gr&lienclimate variables in TromsSeunty, the latter analysis is
performed for separate inland and codstalsidaegions as defined in Figrel.

4 Results e ‘[ Formatted: Heading 2

In Fig.3 we show how winter temperature and préafigin has varied over the last 150 years at aoneltegical station in

Tromsg, the administrative center of the munictgaliVinter temperature fluctuates betweeh and 0.5°Cdegree-Celsiys

and winter precipitation typically fluctuates betme250 and 950 mm. The temperature time seriesatelimulti-decadal

variability, with a relatively cold period betwedme 1910s and the 1920s, a relatively warm periarihd the subsequent

two decades, a temperature decrease from the 19%0e 1960s, and thereafter a general temperatarease. Other parts

of the Arctic have a similar pattern (e.g. Polyalgival. 2003 AMAP 2017. The linear trend during the 60-year period

19582017, which is the period we focus on in the cursndy, shows a significant increase in winter gemature (0.26

°Cl/decade) and a moderate increase in winter ptatgn (2.2 %/decade) in Tromsg.

Further, we present results for each climate irsparately, starting with historical and future rdres the whole of Troms.

We proceed with results from the who focus areaprasented in Table 2, including changes in elewatirelevant for

avalanche release zones (high elevations) and uuzanes (low elevations), for the historical pdriand the two future

period. In Table 2 we also report on the mean wafaethe period 19832010 for reference.

4.1 Changes in maximum snow amountPast-development

Fig.ure-4 shows mean winter maximum snow water equivalfi{SWE) and the spatial trends and changes dutirg t
study period 1958-2017. The largest values of WMESAke found in higher elevations (see map indfigl) near the coast
and along the fjords, while decreasing towards¥wedish border to the east (Eige4a). In Figure4b, significant positive
trends are seen inland and in the north-eastetropére-county Tromswith an increase of 2660% from the first to the last
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30-year period (Figire-4c). Some coastal regions, especially in the somtl@ad north-western outermost areas, are

dominated by significant negative trends in WM-SWHEese areas show a decrease ef8W% between the first 30-year
period (1958-1987) and the last 30-year period (19&®17).

Fig.5 presents projected percentage changes in W¥-%r near (2041-2070) and far (2071-2100) futae given by
EUR11-Norl-SWE. Changes are mainly negative, withng gradients from coast (largest decrease) lemih(weakest

decrease). As expected, the changes become laithetime. The largest projected decrease, in tlis along the coast,
are in the order of 60—-80% for near future (Fig&m@j 80-100% for far future (Fig.5b).

Fig.6 shows the same change in WM-SWE for pastfainudle climate, but for different elevation levefsgain, we see that

changes in WM-SWE are mainly positive in the pbat,become negative in the future. The higher ¢éel/areas show the

largest increase in the past, and the smallesedserin the future, explained by the lower tempeeain these regions. At

some point between present and near future, thpeerture in these region will, however, reach Igtkat give declining

snow amounts also here. This is further investiyaie=ig.7, showing the median elevation where mmaxh snow amounts

stay below certain thresholds (100, 200 and 400.mmg to the strong gradients in TroeSeounty we analyze projected

changes in WM-SWE for coastal regions (Fig.7a) iatehd regions (Fig.7b) separately (see map inlffighus elevation on

the x-axis differs. Median elevation in both regidncrease as approaching the end of the centusse 8o in the coastal

region and particularly for WM-SWE < 100 mm, meanthat we need to go to higher and higher altitudefind snow in

the future. Since the elevations are strictly insieg_as of 2040, it is likely that the turning miofrom_increasing to —

~

decreasing snow amounts occur prior to 2040, at lisaterms of WM-SWE. This is supported by the 1:2810 mean

values (indicated as triangles in Fig.7) being Iowan values in 2040, except in lower elevatioriarid where 1981-2010
values are higher. As shown in Fig.4, WM-SWE hasgensed in the inland region during 1957-2017, il trend has

amounts indicates a stronger elevation gradieniMbl-SWE as winter precipitation increases, pariciylin low elevations

and coastal regions where winters are comparativelly. . This might be explained by the fractionrafn and degree of

snow melt in lower versus higher elevations diffgrimore in the future, giving a stronger decreasthé low to medium

elevations,

In focus area 1 we compute a 17% increase in WM-SWble 2), with significantly higher values (30%) the high

elevation band, and lower values (4%) in the logwation band. This is similar for study area 2, \ith a mean increase of

only 10%. In the future, Focus area 1 is expeatdtbive much less snow-related challenges, withyn@ar(90)% decrease

in the maximum snow amount in near (far) futureisThill reduce maximum snow amounts from about 8@8 in the

current climate (1981-2010) to only 36 mm by thd ehthe century. Focus area 2 shows a decread@ (f0)% in near

17
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(far) future. While decreases are similar for hagtd low elevations in Focus area 1, a decreas@%fi8 expected in low

elevations of Focus area 2 towards the end oféh&ucy, versus only-57% in high elevations.
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4.2 Future-developmentChanges in maximum snowfall

The mean, trends and changes in winter maximunh fsesw water equivalent (WM-FSW), are shown in &ifpr 1-day

the next. There are no large areas of significagative trends in these variables, but decreasabaft 10% in WM-FSW-

1d are evident inland and in some coastal aredeeisouth and the north-west (Fig.8c). These avbagak negative trends

become smaller with the longer duration; for WM-FSd/ only islands north of the city Tromsg inhibieak negative

trends (Fig.9b). Positive trends, some of themifigamt, dominate the middle regions and the cdasteas north-east and

far south. Areas of positive trends increase withlonger duration. Increases of200% (Fig.8c) and 3850% (Fig.9c) are

seen for WM-FSW-1d and WM-FSW-5d, respectively.epta small area of even stronger increase inathedrth-east.
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WM-FSW-1d and WM-FSW-5d in the future (Figure®41-115) are projected to decrease with a similar spatdiern as
WM-SWE, i.e. most along the coast and more in @itwre compared to near future. Projected decresleag the coast in
far future range between 30 and 60% for WM-FSW-&d aetween 40 and 70% for WM-FSW-5eke-frequeney—of

AOW events-exceeding-5-mmid aqure-16)lde-axpected-to-decrease-in-the-whole region— e BH-70% along-the

The largest change in the past is seen for WM-F&\W¢#bh an increase of 31%, and similar numbersfith low and high

elevation bands. Focus area 2 only had an increfa$6%, but with 24% increase in high elevationd anly 5% in low
elevations. By the end of the century Focus areanlexpect a decrease of 57% and 68% for WM-FS\&WAtIWM-FSW-
5d, respectively, while Study area 2 can expeatallsr decrease of 30% and 36%

4.3 Changes in heavy snowfall events

The frequency of heavy snowfall events (FSW-1d mrf) is presented in Fig.12, showing a similar spatistribution of
trends as WM-SWE but with smaller areas of sigaifictrends. Mean values for the extended wintes®eéFig.12a) range
from about 10 events (far inland) to about 50 evéat some high-elevated areas near the coasi)ifi§&nt negative trends

are found in and around Ringvassgya (Fig.12b)sland encompassing Tromsg municipality, with desgsaf around 20%

from the first 30-year period to the last (Fig.128puthern areas inland and coastal areas in ttiB-east show significant

positive trends, with 3650% more events in the last period compared tdirtste

The frequency of heavy snowfall events is expettedecrease in the whole region in the future (Ej. similar to other

snow indices, by up to 6670% in near future and up to 100% in far futurenglthe coast. This means that in these regions

most heavy precipitation events will come as rastdad of snow as approaching the end of the gerstsra consequence of

milder winters.

From Table 2 we find that a 17% and a 4% increadeSW-1d > 5mm has occurred in 195817 in Focus area 1 and 2,

respectively. However, in both near and far futtirese events are expected to decrease by up toir8%¥cus area 1

towards the end of the century. Comparing to medues for the reference period 1982100, this means a decrease from

38 to about 4 events on average. A smaller decHe34% towards the end of the century is expeitdebcus area 2.
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4.4 Changes in zero-crossings

Fig.14 shows a clear increase in the number of-ge¥ssings in the entireuntyTromsduring 19582017, with large parts

being dominated by significant positive trends (Eib), reflecting increasing temperatures overpieod. The frequency

of events for the extended winter season (212 dayatal) increases westwards, with 10-50 ever#nihto 70-90 events

along the coast and in valley bottoms (Fig.14ap phrcentage increase between the first and th80agear period ranges

from about 10% to 40%, with no obvious spatial graitt(Fig.14c) apart for a smaller change in valley bottoms

Similar to the frequency of zero-crossings in thespnt climate, projected changes in zero-crosgigse Figl57) also
show an increase in many areas, reflecting ithaasingtemperaturesuill rise toin-a-relatively-celd-region-approatie
zero degree threshold foragerpart-ef-the-timelonger perioHowever, in the mildest areas along the coaser&Zmean
winter temperatures are already close to zerthe present climatdhesecrossingevents will become less frequent. Both

increases and decreases are expected to becomgesttowards the end of the centufe

NevembertoApr]. __ — { Formatted: English (United States)

In Focus area 2 zero-crossings have become mareding with an increase of 24%, as opposed to $#l\in Focus area 1

(far-future1981-2010 However, high elevations of Focus area 1 hayeeeenced an increase of 18%. These events are

expected to decrease in Focus area 1 in far figut8%), while an increase of 52% is expected in F@rea 2. Numbers

for high and low elevations differ significantly ihis area, with almost a doubling of events irhieigelevations and a slight

decrease in low elevation in the far future. A éase of 39% is expected in the lower elevationSoaus area 1, meaning
thatslippery road conditions will become less frequeid-conditions-mightimprevia these areas during winter.

4.5 Changes in winter rain events

Fig.16 shows changes between the first and the8Ggear period of 19582017 for mean number of days per winter with

rainfall exceeding 10 mm. Mean values of wintenrai 10 mm range between 0 (far inland) to aboue®énts on the
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southeast coast (Fig.16a). There has been an ssc#asuch events in the whole of Troms, with digant positive trends

in many coastal regions (Fig.16b).

N __ — { Formatted: English (United States)

Winter rain events have been rare in Troms in s, but-Figure Fid78 shows that the frequency béawy winter rain >
10 mmwatersupphy-(rainfall-and/or-snew-meis) projected to increaseverywhere in Troms-significanthy-in-the futurs, a

ce 0 eady be ppening he rextdecade gure 18 nd-might-be-explained

degrees.ncreases of up to 400% are expected inistand regions (Fig.17b), while in coastal regish®w increases of up

to 100% towards the end of the century.

Focus area 1 (2) experience about 70% (42%) maxeyheinter rain events today compared to the f3@tyear period

(Table 2). Approaching the end of the century Hirgést change is expected in Focus area 2, wiil&3ncrease in high

elevations. However, in these areas there were baB events with rain > 10 mm/day in the period 192010, meaning

that an increase of 361% would result irBevents by the end of the century.

4.6 Changes in snow drift

For changes in the snow drift factor we only hawvenbers for the two focus areas as means over edlegtd cells - - {Formatted: Normal

particularly exposed to wind. Events of snow drift90 have increase by 16% and 10% in Focus aes@l R, respectively.

Focus area 2 can expect slightly larger changéseiriuture, with a decrease of 89% towards thedéritle century. With a

mean number of strong snow drift events of 21 sndbrrent climate, an average of about two eveath gear is expected

in 207%:-2100.
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temperatures, typically at high altitudes andomeinland regionsand our results correspond well with those of Batret
al. (2012). Ensemble mean projections of snow dandi in the future period 2040-2100, however, slkeodecrease in
maximum snow amounts and heavy snowfall intensits &equency in albreasof Tromsparticularlyin low altitude

regions, indicating that the transition from in@ie@ to decreasing dry snow avalandhelihoodrisk takes place before

f.
Ballesteros-Canovas-etal,201Bhis is in line with observed changes in the Euamp8Ips (Naaim et al. 2016), as well a

for predicted changes in the Nordic Arctic regidtagssen-Bauer et al. 2019). However, as pointecbputlestnes and

Jaedicke (2018)a general reduction of slushflows and avaladsheight be realistic in a warmer climate withshorter

winter season and less snow« ated—in—the—introduction—the complexity ofalanche releaselead-tocontradicting

relatively seldom irteday'sthe presentlimate still, they have already become more frequerfrims in the last decades.

This is in line with findings by Pall et al. (2019yho showed that rain-on-snow events were mormrgunst during winter
months in 19842010 compared to 19611990-.Over the next few decades, our results indicatethavythis-willchange

herelativechange will-inerease-guite-dramatjcathd-events-of-water-supply-exceeding-of—10-ragndhter rain events
arelikelyexpectedto increasesignificantly in all regions, although high percentage increases are parfilaged by low
relative numbers, thus absolute changes are nestrad 8-10 more events by the end of 2100except-alongdhst@and-in
deep-valleysA ated-in-Hisdalet-al{20 —snow-melt-analesslushflows will occurearlierin-the-springldecom

i 1ty likely explanation of more frequefieavy-waterwinter rain events
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supply-is_obviously milder winters, but the amount of watepor available is also likely to be higher in armer

in. Another plausible contributor to moeger supply

is the lengthening of the snow melt season intosimer season defined in current climate. In theqel 1972-2000, mean
number of snow daykes werebetween 180 and 270 in Troms, thus covering thelevivinter season (OetApr) of 212
days. A decrease of 66180 days by 20732100 under emission scenario RCP8.5 is expectquendéng on elevation

(Hanssen-Bauer et al., 2017). Consequently, vevyofieno areas will have a full snow season andstimav melt season will

start earlier and contribute more to water suppiyird) winter, as long as snow is availatNéore rainrainduring winterand

more snow melmay-alseo point to increasedkelihoodrisks of wet snow avalanches and slushflows in dbesalareas of

Troms,. hHowever Hisdal et al. (2017) states that slushflows witkor earlier in the spring and become less frequent

towards the end of this century due to less snoailahles In addition other studies show thah increase in the liquid

water content of snow in motion will tend to redudcetion, increasing avalanche runout distanceagiin et al. 2013),
while conserving high-impact pressures even clogte point of rest (Sovilla et al. 2010) atious high damage potential
(cf—Ballesteros-Céanovas et ak{2018). The contradicting arguments pointed out herederling the complexity of

avalanche release and the large uncertaintiesiassaevith the future development of such hazamtfeu climate change.

In this regard, we would like to urge further seslbn expected future avalanche activity coveriffgrént avalanche types.

Changes in zero-crossings indicate shifts in shppead conditions—Gustafsen{1983)found-a—"velgarrelationship

onditions"With-Although our definition a zero-

nece il-capture-freeze-thaw-cycles-in-the-glarsnowpack——and—Althougdditional information about theurface

temperature woultiave givenrgivea better representation of slippery conditions,dhange pattern shown heveuld likely
be close to a change pattern of surface tempesahurati j j j

sever accesgoad we primarily expect changes zero-crossingsint the beginning ef-the
winter (Oct—Nov) and the end ofthe winter (ApriMay). Theseseasideseastal regions have mean temperatures close to 0
°C degrees in the shoulder months-in-tedag'presentlimate, and even a small temperature increaddheitefore lead to

large changes in zero-crossings. Fewer zero-cigssire expecteloth prior to and aftet-beth-sidesof the wintereason
and-with the strongest change-is expected in October and Mathese shoulder months, the change signal wérfe
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crossings-arés expected to reach far inland, while for other menthis limited to the coast. Increases in zemssings are
limited to regions far inland, at altitudes aboppr@ximately 609-700 AMSL from November to April.

Dyrrdal et al. (2012) also found positive trends\@ar-zero events in the entire region (392910), but trends were mainly

statistically non-significant, except in small regs alonghe border between Norway and Swedenthe-Swedigtehdteir
analysis was based on daily mean temperature atetlén 2016 T-thusThus—eur theesultshereare more robust and the
pronounced positive trends in the entiinty Tromsseem realistic. Trends are, howeweryy-sensitive to the choice of

period: This iselearlyshown by Kerguillec (2015), who studietnespheric-freeze/thaw cycleefo-crossingsin Norway

using daily thermal data from 20 meteorologicaltiens for the period 1950-2013cluding two_stations igFroms /‘[Formatted: Font color: Auto
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index generally increases zero-crossingsdrastal seasideegions, partlcularly thosef—een&ral—Ne#way—melumng—mo
stationsin Troms-countyTrom&ounty According to Gillett et al,(2013) most climate models simulate some increase in

the winter NAO index in response to increasing emiations of greenhouse gasses. If this is treemight speculate that
more frequent positive NAO in the future might gfesver zero-crossings in Troms. This is indeed whafind forceastal
seasidareas, while inland areasid mountainare expected to have more zero-crossings in tiveefcompared to present
climate. These are the coldest areasyin the presepand an increase in temperature will bring wirtéenperatures closer
to zero.

Our two focus areas, Senjahopen/Mefjordydefiorden) and Javik/Olderbakken, have and will experience ynafnthe

same _changes in climate indices relevant for acdesaptions. However, as Focus area 1 is more segdowards the

ocean and any incoming weather, we find that chamgenow amount and frequency of snowfall evengslarger here

compared to Focus area 2. In both areas an incieadkestudied snow-related variables has occuinetthe last decades,

more so in higher elevations, while a decreasepeeted towards the end of this century and pdatityuin low elevations.

This means a potential for less dry snow-relateckse disruptions in the futurbut-while wet snow avalanches and

slushflows may increase. In the far future, we haliewn that zero-crossings and events of winter ¥ail0 mm are

projected to increase, and more so in Focus argadteas where there is still a significant amaefrénow in 2074-2100,

weather described by the studied indices might inece larger threat as potential triggers of avdlasand challenging

road conditions. Our findings support to a larggrde the Troms climate fact sheet of Hisdal ef26117), which states that

slushflows will become an increased threafFi@ms-—countyTromsSeunty in the future, and that snow avalanches may

become a larger threat in the short run due to maireon-snow eventdgut while reduced snow amounts in the long run

i ; _ -| Formatted: Font: (Default) Times New Roman, Font color:
will decrease the risk for snow avalanches. ) Auto, English (United States)
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We have showithat strong snow drift, computed from snowfall amitid speed, have slightly increased in the two $ocu

areas, but that a strong decrease is expecteckifutare. There is no evidence for large changewsiimd activity in our

regions and wind projections are associated withigh degree of uncertainty, of which a large partelated to their

; i ivial-Storm track activity in the Northern Hemispherenisl|
correlated with NAO and the North Pacific Osciltati(PNA) (e.g. Lee et al., 2012). Positive anonsatiethe NAO Index
are associated with a strengthening of the miduidéi westerly flow over the North Atlantic, whichanifests itself as an
intensification and poleward deflection of the NoAtlantic mid-latitudinal storm track (e.g. Sor&h et al., 2013). Thus,
an increase in the winter NAO index, as suggeste@iflett et al; (2013), might result in more frequent storms at ou

latitudes.However, an obvious reason for fewer strong snait @vents is the lack of snow when approachin@®1las

discussed above.

Although observation based datasets are assoadiatiedincertainty, especially due to relatively ssgameasurements in a

complex terrain, future projections have a numtfemeertainty aspect#s this tableAl reveals, the ensemble is somewhat
biased towards a few GCMs (particularly EC-EARTHI&RCMs (particularly RCA), representing a weakredssig with

the relatively limited number of simulation®ther sources of uncertainty associated with &uttiimate projections of

temperature and precipitation include emission adennatural climate variability, shortcomingsaar understanding of the

climate system, which results in climate modelsradpcing certain processes incorrectly, and limitsapacity of
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supercomputers (Hanssen-Bauer et al., 2017). fbamee-although Kotlarski et al. (2014) report foainstance the RCA

model seems to have a cool and wet bias over thedBravian region during the winter (DJF) seasogamng that future

projections in the current study could be biasedatds larger snow amounts. Projections for Norwaeylaas-adjustment

(see Section 3.1), thus systematic biases are mndStill, only one method of bias-adjustment iedisFurther,

uncertainties in the hydrological modelling, mostated to parameterization and the fact that onlky hydrological model

is used, affects snow parameters.

In a changing climate it is particularly importaot identify areas of increased vulnerability anskrof weather-induced

hazardsAs we, in the current study, have foed®n only a few selected climate indices, futurelits might include other

relevant indices. We note that reported avalanctieity has become more detailddringthe last years, and new avalanche

monitoring stations are in operation closer to d¢gbirun-out zones. This will provide new insightartriggering weather

conditions, which can be used to study thedib&tween weather and avalanche release.

Remote-sBaside communitiesvith access highways exposed to natural hazasdesh asSenjahopenFocus areaahd

JevikFocus area, Zequire specific measures for climate adaptatfia sustains the safety of local citizens andrmsses.

According to Kalsnes et al(2016) there is a lack of technical competence @aphcity inthe severamunicipalities-who

that, by Norwegian law, are responsible for preventiveasures and risk managemesisociated witle-g-weather-induced
fandslides hazardtiterature on weather vulnerabiliies and climadaptation recommends increased public sector
coordination (Leiren & Jacobsen, 2018), but théedént mandates of responsible public authoritiesetimes clash. With a
higherlikelihoodrisk of water and rainfall-induced hazards and morgueat freeze-thaw conditions in certaitandareas,

a better coordinated climate adaptation, cooperatietween different sectors, as well as guidanck temining of local

authoritiess-will be crucial.

Data availability: Gridded observation-based data, described in Se8tih is available upon request to the Norwegian
Meteorological institute or the corresponding autfraiture projections downscaled to a 1x1 km gvidrdNorway, as

described in Section 3.2, are available for dowthlomhttps://nedlasting.nve.no/klimadata/Kg&s Norwegian).
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Figure 1: Map of Norway (left) and Frems-countyTroms-Ceunty (right), with inland and coastal regions separatedy the stippled
line, and our two focus areassenjahopenFocus area and JgvikFocus area 4n red squares.
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Figure 2: Mean winter temperature and total winter precipitation averaged over the period 1981-2010.
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Figure 3: Mean winter temperature (a) and total wirter precipitation (b) measured at Tromsg meteorologal station in the period
1867-2017. The stippled line indicates the trend ithe period 1958-2017.
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Figure 4: Mean values (a), trends (b) and changes)(in winter (Oct—Apr) maximum snow water equivalert (SWE) for the period
1958-2017. In b), positive trends are illustratechiblue and negative trends in red; dark red and ble colors represent statistically

5 negative and positive significant (s) trends, respévely. Light colors represent statistically not-gnificant (ns) trends. In c),
percentage changes between the two 30-year periadtB58-1987 and 1988-2017 are shown.
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Projected change in WM-SWE, compared to 1981-2010
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Figure 5: Projected change in maximum snow water edvalent (SWE) during winter (Oct—Apr) between 19812010 and a) near
future (2041-2070); b) far future (2071-2100.
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Figure 65: Percentage change in winter maximum SWE in differenelevation levels for: historical period (change btween 1958-
1987 and 1988-2017; upper panel), near future (chge between 1981-2010 and 2041-2070; middle paneifddar future (change
5 between 1981-2010 and 2071-2100; lower panel). Tlemgth of the colored bars represent the fraction fogrid cells within the

different intervals given by the legend.
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Figure 76: Projected future development in median elevation wére winter maximum SWE is below 100 mm (black), 20enm
(dark grey) or 400 mm (light grey). a) Coast and bjnland (see map in Fig.1). Mean values for the psd 1981-2010 are indicated
5 as triangles.
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’ # of events

Figure 87 Maximum 1-day snowfall during winter (Oct—Apr) for the period 1958-2017, based on maximum fresh snowater

equivalent for 1-day duration (WM-FSW-1d). Mean valies (a), trends (b) and changes are shown in thensa way as in Fig.4.
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Figure 98 Maximum 5-day snowfall during winter (Oct—Apr), based on maximum fresh snow water equivalent for 5-dagduration
WM-FSW-5d). Absolute mean values (a), trends (b)ral changes are shown in the same way as in Fig.4.
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Projected change in WM-FSW-1d, compared to 1981-2010
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Figure 910 Projected change in maximum 1-day snowfall during \mter (Oct—Apr) between 1981-2010 and a) near futw (2041-
2070); b) far future (2071-2100, based on maximunmefsh snow water equivalent for 1-day duration (WM-FSW-1d).
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Projected change in maximum SWE, compared to 1981-2010
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Projected change in WM-FSW-5d, compared to 1981-2010
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Figure 111: Projected change in maximum 5-day snowfall during \mter (Oct—Apr) between 1981-2010 and a) near futw (2041-
00, based on maximunredsh snow water equivalent for 5-day duration (WM-FSW-5d)-Prejected
er-eguiva A durig-winte pr)-hetween-193 e e e

)
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Figure 132: Frequency of 1-day snowfall exceeding 5 mm during imter (Oct-Apr) for the period 1958-2017, based oifresh snow

water equivalent for 1-day duration (FSW-1d > 5 mm) Mean values (a), trends (b) and changes are shownthe same way as in
5 Fig.4.
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Projected change in maximum FSW-1d, compared to 1981-2010
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Figure 134: Projected change in the frequency of 1-day snowfafixceeding 5 mm during winter (Oct-Apr) between 19B-2010 and
a) near future (2041-2070) and b) far future (207P4100), based on fresh snow water equivalent for lagl duration (FSW-1d > 5
mm)_ oiected-change in-maximum \ winte 8 010 neapfure (204 070)-
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Projected change in maximum FSW-5d, compared to 1981-2010
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Figure 145: Frequency of zero-crossings during winter (Oct-Apr)for the period 1958-2017, based on minimum and mawrum
daily temperature. Mean values (a), trends (b) andhanges are shown in the same way as in Fig.4.
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Projected change in the frequency of zero-crossings, compared to 1981-2010
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Projected change in FSW-1d > 5mm, compared to 1981-2010
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Figure 165: Projected change in the frequency of zero-crossingduring winter (Oct-Apr) between 1981-2010 and a) @ar future
2041- 2070 and b far future 2071 2100 based omnimum and ma><|mum tem erature
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Projected change in the frequency of zero-crossings, compared to 1981-2010

Figure 176: Frequency of rainfall events exceeding 10 mm durinavinter (Oct-Apr) for the period 1958-2017, based v minimum

and maximum daily temperature. Mean values (a), treds (b) and changes are shown in the same way adig.4. Projected-change
inthefreguen 5 i uring-winter{@t-Apr)-between-198 B B e

73



Projected change in watersupply > 10mm compared to 1981-2010
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Projected change in winter rain > 10mm compared to 1981-2010
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Figure 178 Projected change in the frequency of rainfall everstexceeding 10 mm during winter (Oct-Apr) betweend81-2010 and
a) near future (2041-2070) and b) far future (2072100). Note that the legend differs from other figres, going from O to 400%.

Appendix
10

Table Al: GCM/RCM combinations in the EURO-CORDEX ensemble, where the first column indicates the namef the GCM

and the first row indicates the name of the RCM.

GCM/RCM CNRM EC-EARTH HADGEM IPSL P
| CCLM X X X
‘ RCA X X X X X
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