tc-2016-230: Response to referee reviews (2017-01-11)

To referees (Cenlin He and two anonymous reviewers ) and scientific editor (Ross
Brown)

We thank the three referees for their thoughtful and thorough reviews of our paper. We
appreciate taking the time to complete these reviews and welcome your helpful
comments. We have revised the manuscript to address your review comments (see
below). Throughout this response your (referee review) comments are provided in
regular text, our response comments are provided in italic text and any changes

to the revised manuscript text are provided in italic, blue text.

Along with this response to referee review document, we will upload to the The
Cryosphere website a revised manuscript file with marked-up changes, and a non-
marked-up, final revised manuscript file.

We look forward to the response of the scientific editor.
Sincerely

Christoph Marty



Interactive comment on “How much can we save? Impact of different emission scenarios
on future snow cover in the Alps” by Christoph Marty et al.

C. He
cenlinhe@atmos.ucla.edu

Received and published: 1 November 2016

The authors assessed the future projection of snow depth in the Alps by accounting for future
temperature and precipitation change under different emission scenarios. The results are
interesting and can advance our understanding in the impact of climate change on mountain
snow. Here, | have a short comment. Several recent studies (e.g., Painter et al., 2013; Liou et
al., 2014; Lee et al., 2016) found that deposition of light-absorbing aerosols (mainly black carbon
and dust) substantially decreases snow albedo, which further reduces snow depth and cover.
However, this factor has not been considered by the authors in the future projection, which could
play an important role. It would be helpful if the authors could include some discussions on these
recent findings and the uncertainty due to this aerosol-snow effect in the projection of snow
depth.

Response:

In contrast to other mountain regions, the effect of the deposition of light-absorbing aerosols on
the seasonal snow cover in the Alps is currently small due to the frequent snow fall events and
the relatively small amount of impurities. However, we agree that this effect may be more
important in future due to increasing de-glaciated area. We therefore added the following
sentence to uncertainty chapter:

“Moreover, above this elevation glacier melt may decrease the spring snow albedo by dust from
exposed moraine rubble and glacial till (Oerlemans et al., 2009).”



Interactive comment on “How much can we save? Impact of different emission scenarios
on future snow cover in the Alps” by Christoph Marty et al.

Anonymous Referee #1
Received and published: 14 November 2016

The manuscript by Marty et al. is concerned with the assessment of future snow cover changes
over two mountainous regions of Switzerland. For this purpose a gridded version of the CH2011
Swiss Climate Scenarios is used to force a distributed model of the surface snowpack. The
analysis includes an assessment of projection uncertainties arising from the assumption of
different emission scenarios and from climate model uncertainty. In agreement with previous
works the study finds an important decrease of future snow cover that considerably depends on
elevation and, for the late 21°% century, on the choice of emission scenario. In a general sense,
the topic of the work fits very well into the journal’s scope and adds a further piece of information
to 21st Century climate change impacts in the European Alps. Qualitatively and quantitatively
previous works are confirmed employing a new methodology that relies on gridded climate
change information and the application of a spatially distributed snow pack model. As such, |
consider the work as being relevant for the scientific community. For most parts, the methods
are described appropriately, and the conclusions are well-based on the results obtained. There
are only minor language issues. The paper however suffers from a number of inaccuracies in the
description of the underlying datasets, from a partly questionable analysis of interannual snow
cover variability and from a partly poor figure quality. Please see the listing below for further
details. These issues should be improved before publication of the paper. For this purpose, only
few new analyses are required and the basic structure of the paper does not have to be
changed. I'd therefore suggest to return the manuscript to the authors for minor revisions. | hope
my comments are considered constructive. Congratulations to the authors for this nice piece of
work!

With kind regards.

MAJOR ISSUES

Reference to and description of the climate scenarios: On page 4 line 25 the climate scenarios
are introduced as the ensemble mean of 20 GCM-RCM chains, and the term “ensemble mean”
is later on frequently used. | believe this is not correct. To my knowledge the employed gridded
scenarios provide three estimates for each season, each variable, each emission scenario and
each grid cell: A median estimate, a lower estimate and an upper estimate. For most analyses
in the present work the median estimate is used. This however is not the same as the ensemble
mean signal as it originates from a probabilistic procedure that implicitly weights the underlying
climate model chains. The ensemble mean field is basically only used for deriving the spatial
anomalies to the regional estimates (see Zubler et al. 2014). Hence, the authors need to speak
of the “median estimate” (and of the “upper” and “lower estimate” in Section 3.7). This concerns
the entire manuscript.

Response:
We fully agree and replaced “ensemble mean” with “median estimate” throughout the
manuscript.

Analysis of inter-annual variability (concerns several parts of the manuscript): In my opinion, the
focus on uncertainty due to interannual variability in many analysis is not justified. This concerns,
for instance, the analysis of the d-value in Section 3.3 or the variability ranges in Figure 3 or the
entire Figure S2. As the authors correctly state, the employed delta change scenarios do NOT



account for changes in interannual variabililty, and the variability of the input series of
temperature and precipitation will always reflect the variability of the control period. Hence, it is
critical to explicitly analyse the range of signals obtained by comparing one future year to the
mean state of the 13-year reference period as changes in interannual variability between the
control and future period are completely neglected. My suggestion would be to rather include an
assessment of climate model uncertainty (by considering always the lower, median and upper
estimates of the climate scenarios).

Response:
We agree and therefore changed the following points:

e We rewrote the corresponding paragraph and added a few sentences: “The Delta
change method applies changes in temperature and precipitation, which depend only on
time period and emission scenario but are otherwise constant. Therefore changes in
future climate variability, which may be present in the original RCM model predictions,
are neglected. According to climate model projections there are no clear signs how future
temperature and precipitation variability will evolve in winter in midlatitudes (Deser et al.,
2012), although a recent study demonstrates a slight decrease of winter temperature
variability (Holmes et al., 2016). The analyzed inter-annual variability in this study is
therefore first of all determined by the inter-annual variability of the underlying
temperature and precipitation conditions in the reference period. For the future scenario
periods the shown inter-annual snow variability is additionally influenced by the non-
linear dependence of snow on temperature, which changes the variability dependent on
the size of the AT values.”

e The variability information in Figure 3 was replaced as suggested with lower and upper
estimates at least for one region and on emission scenario. The figure caption was
changed accordingly: “Decrease of annual mean snow depth (%) relative to the
reference period (1999-2012) for the Aare region and the Grisons region for the three
different emission scenarios and time periods based on the median estimate change of
temperature and precipitation (bars). The lowest and highest estimates (Table 3) are
shown for the Aare regions and A2 scenario only (dots).”

e The figure caption of Figure S2 was changed to: “Distribution of the annual relative
decreases of the snow depth for A2, A1B and RCP3PD and the three different future
time periods (2020-49, 2045-74, 2070-99) for Aare (left) and Grisons (right) based on the
inter-annual variability of the reference period.”

¢ An assessment of the climate model uncertainty has now been included in Figure 6 by
showing not only the median, but also the lower and upper estimates of the climate
scenarios. The figure caption now reads: “Total volume of snow (Jan-Mar) in the Aare
region for the today (solid line) and the end of the century (dotted line). The shaded area
for the reference period indicates half of the standard deviation (for readability) of the
inter-annual variability. The shaded area of the 2085 scenario period indicates the range
between the lowest and highest estimate based on the A2 emission scenario (Table 3).”

We kept Figure S2 as a supplement since believe it provides a valuable information how the
future inter-annual variability can evolve due to non-linear dependence of snow on temperature.

MINOR ISSUES

Reference period: The reference period of the presented work is 1999-2012, while the reference
period for the CH2011 delta change scenarios is 1980-2009, hence there’s on overlap of 11
years only. This inconsistency should at least be mentioned (if not accounted for explicitly by
scaling the CH2011 deltas according to difference of the mean observed climate for 1980-2009
versus 1999-2012).



Response:

We agree and emphasized this fact by adding the following sentence in the Data and Methods
chapter:

“Please note, that the reference period of these delta values (1980-2009) has an overlap of 11
years only with the reference period of the meteorological input data (1999-2012). However, a
comparison of the winter temperatures for example revealed a difference of only 0.06 K between
two reference periods.”

Figure quality: The quality of many figures (e.g., Figs. 4, 5, 6, 7, 8, S1, S2, S4, S5, S6) is very
poor (both in the PDF and when printed) and should be improved.

Response:
We apologize for the bad quality and included improved figures in the revised version.

Aare vs Grisons: The manuscript frequently switches between showing results for the Aare
region only, for Grisons only or for both. This is rather confusing, and there does not seem to be
a clear motivation for this. I'd suggest to harmonize the presentation in this aspect or to better
motivate the choice of one of the regions for a specific analysis.

Response:

We forgot to mention this in the original manuscript. We therefore included the following
sentence at the beginning of the Results chapter: “We often show results for both Alpine
regions, but sometimes we focus on the Aare region only since the results are quite similar and
its area below 500 m is larger and more homogeneous than the corresponding elevation zone in
the Grisons region.” Moreover, the results for the Grisons region were also added to Figure 2.

page 2, line 14: The model employed by Marke et al. is named AMUNDSEN (nor
AMSUNDSON).

Corrected

page 3, line 4: “The precipitation in its northern part”.

Corrected

page 3, line 22: “(atmospheric)”: the 3D aspect probably not only concerns the atmospheric part
but also the (sub-)surface part of SNOWPACK (vertical layers in the soil and the snowpack).
Yes, there is an optional module in ALPINE3D, which also considers the soil. However, this
module was turned off in our simulations. In order to emphasize this fact we rephrased the
corresponding sentence to: “It consists of a snow cover and runoff module SNOWPACK and
optional modules like vegetation, soil and snow transport (Lehning et al., 2006).”

page 3, line 26: The reference Bossard et al. is missing in the list of references.

Corrected



page 3, lines 29-31: Unclear.

We agree and rephrased the sentence to: “Since this study focusses on snow on ground but not
snow on glaciers, the few pixels with glacier surfaces were removed in the post-processing in
order to reduce the uncertainty of our results.”

page 4, lines 11-12:

The gridded climate scenarios employed here are formerly not part of the CH2011 scenarios but
are an extension to them. Also they are not the only scenario product provided by the CH2011
initiative (as suggested by the second sentence). Please reformulate.

We agree and reformulated the sentence to: “Projections of future climate are provided as an
extension of the CH2011 climate change initiative. This initiative provides among others daily
change values of temperature and precipitation for Switzerland on a 2 km grid (Zubler et al.,
2014),...”

page 4, line 27: “considered for some analyses” instead of “calculated for some analy-
Sis”.

Corrected

page 5, line 17: “for the months January and March for the Aare region”.

We actually show the mean values for period between January and March. We therefore
reformulated the sentence to: “... are shown for the mean values of the January to March
period.”

page 5, lines 17-18: This difference between Aare and Grisons are actually not shown, which
should be indicated by adding “(not shown)” are something similar in order to avoid confusion.

We agree and changed the sentence accordingly: “Slightly higher temperature changes in
Grisons than in the Aare region are projected, especially for the end of the century (not shown)”.

page 6, lines 21-22: Can undercatch really be a reason. According to Section 2.2 undercatch of
the gauges has been corrected for. It's probably more the uncertainty of such an undercatch
correction that is important here.

We agree and changed the sentence to: “High RMSE values at high-alpine sites are also
explained by the fact that the measured precipitation is often heavily affected by the uncertainty
of the under-catch correction and...”

page 6, lines 26-27: It is not clear to which metric these ranges refer. Is it the mean bias of mean
winter snow depth?



We agree and clarified the sentence to: “...the uncertainty in simulating the mean winter snow
depth in the reference period at the point scale (between -15 and 26 % for the different stations)
increases...”

page 8, line 32: “winter months”.

corrected

page 9, line 9: “These results” and “who investigated”.

corrected

page 9, lines 9-10: I'd doubt that it is really the temperature change anomaly that is responsible
for the sensitivity of this elevation zone in terms of shortening of the snow season. It is probably
the fact that this elevation range is closest to the 0 C limit and a future temperature will hence be
more effective here in terms of snow day change. At higher reaches, many parts of the winter
will still remain below the freezing level. At lower reaches the snow season is anyway too short
to produce important reductions in the period length of continuous snow cover.

We agree and changed the sentence to: “This is probably caused by the fact that this elevation
zone is closest to the 0°C limit. At upper reaches, many parts of the winter will still remain below
the freezing level. At lower reaches the snow season is anyway too short to produce important
reductions in the period length of continuous snow cover.”

page 9, line 12: “4.5 months”.

corrected

page 9, line 16: “who demonstrate”.

corrected

page 9, line 19: “who used”.

corrected

page 10, line 5: “section 0” -> please correct.

corrected

page 10, line 6: Where is this inter-model variability shown? This is not clear.



We agree, this is not shown. We therefore reformulated the sentence to: “Note that the, the inter-
model variability, from which the median estimate is calculated, is much smaller than the inter-
annual variability as shown in Schmucki et al. (2015b).”

page 11, line 21: “from the ensemble”.

corrected

page 12, line 27: “between the individual models”.

corrected

page 12, line 30: “of these projected changes”.

corrected

page 13, line 31: “Rhine”.

corrected

caption of Figure 3: “chapter 3.3” instead of “chapter 0.

The figure has been changed. A correction is therefore not anymore necessary.

Figure 6: In line with above comment on the analysis of interannual variability, I'd suggest

to show the range of the three model uncertainty estimates for A1B. For the reference,

it is OK to show the individual years.

We agree and implemented the suggested changes.

Table S1: This table could be shortened to provide only the mean value for each site.

There does not seem to be any strong trend in the RMSE scores, and the temporal

evolution is anyway not discussed.

This could be done, but we prefer the current version because the values for the individual years

indeed provide the information that the error is not dependent on snow abundant or snow scarce
years.

Caption of Figure S4: Please indicate that this is the Figure for the Aare Region (it is
not mentioned in the caption).

corrected



Figure S5: I'd suggest to include the snow day threshold directly in the 4 panels. This
would strongly facilitate the interpretation of the figure.

implemented



Interactive comment on “How much can we save? Impact of different emission scenarios
on future snow cover in the Alps” by Christoph Marty et al.

Anonymous Referee #2
Received and published: 4 December 2016

Recommendation: minor revisions

GENERAL COMMENTS

This paper represents a detailed study of possible future snow pack changes in two
mountainous regions in Switzerland. The authors use a very high-resolution (200 m) surface
process model (Alpine3D) specifically designed for simulation of snow conditions in complicated
mountain topography. They (i) first force this model for the 1999-2012 baseline with an AWS-
observation-based analysis of hourly surface weather conditions and (ii) then modify these input
data using a height-sensitive Bayesian kriging analysis of RCM-simulated seasonal mean
temperature and precipitation changes. By using climate changes derived from RCM simulations
for three different emission scenarios and lower and upper estimates of change derived from the
variation of the RCM results, they assess the sensitive of their findings to the forcing scenario
and climate modelling uncertainty.

The paper fits very well in the scope of the journal. Although there are several earlier studies on
future changes in snow conditions in the European Alps and some of them use a similar
methodology, this paper adds to the field (i) by providing a more comprehensive uncertainty
assessment of the future changes and their sensitivity to the emission scenario, and (ii) by
including a range of impact-oriented statistics, tailored to inform (e.g.) the winter tourism
industry.

The paper is clearly structured and written in generally good English. However, some parts of
the methodology are not very clearly described. Furthermore, the analysis of the changes in
interannual variability might not be very informative because the delta change method only takes
into account changes in long-term seasonal mean temperature and precipitation. Some of the
figures also need improvement, particularly in the supplementary material. On the whole,
however, the paper only appears to require relatively small revisions.

COMMENTS ON SCIENCE

1. Beginning of section 2.4. The method in which the climate change scenarios were obtained
should be described in some more detail. From the description that is available now, the casual
reader gets the impression that the RCM-simulated temperature and precipitation changes were
used nearly as such. However, Zubler et al. (2014) reveals that they were based on a rather
complicated Bayesian methodology. In particular, the “upper and lower bounds of this dataset”
are not the minima and maxima of the 20 RCM simulations, but are based on the Bayesian
model of Buser et al. (2009). An important and debatable feature of this Bayesian model is that it
in some cases contracts the uncertainty range from that derived directly from the variation of the
original RCM simulations (see Figs. 1 and 2 in the supplementary material of Zubler et al.
(2014)). Therefore, the uncertainty ranges derived in this paper should also be seen as
indicative only.

We thank the reviewer for this valuable comment. We changed to corresponging section
accordingly: “The focus of this work is related to the (ensemble) mean median estimate of these
20 different combinations, which were derived by Bayesian methodology. The upper and lower
bounds estimates (extremes) of this dataset, which contains the 97.5 %, respectively 2.5 %
guantile of the 20 member ensembles are also considered for some analyses calculated for
some analysis in order to get information about the range of the uncertainties of the temperature



and precipitation change. Hereof, it is important to know that this Bayesian methodology
contracts in some cases the uncertainty range directly derived from the variation of the original
RCM simulations. Therefore, the uncertainty range in this paper should also be seen as
indicative only. A simple delta change approach was used to compile meteorological time series
of future Alpine climate. This means that the time series of the reference period were modified
with the provided gridded daily change values of the air temperature (AT) and precipitation (AP).
More information about the calculation of these delta values and about the downscaling and can
be found in Zubler et al. (2014).”

2. The simple delta change method with constant absolute changes in temperature and
constant relative changes in precipitation neglects changes in climate variability on both sub-
seasonal and inter-annual time scales. However, it is a common feature in climate model
simulations that temperature variability in midlatitudes decreases in winter but increases in
summer (e.g. Holmes et al. 2016). Such changes in climate variability almost certainly affect
the change in interannual variability of snow conditions (Section 3.3). They might also have
some effects on the average change in snow conditions, because the phase of precipitation and
snowmelt both depend nonlinearly on temperature.

We thank the reviewer for this comment and the corresponding reference. However, we are not
convinced that the decrease of winter temperature variability in midlatitudes is a common feature
in climate model simulations. Moreover, the evolution of the winter precipitation variability seems
to be even less clear. We tried to explain that in few extra sentences and additionally
emphasized the we cannot analyze the inter-annual variability as simulated by the RCM’s with
the applied method: “Since the applied Delta change method with scenario and time period
dependent constant changes in temperature and precipitation neglects changes in future climate
variability, the shown inter-annual snow variability cannot mirror the simulated inter-annual
variability of the RCMs. According to climate model projections there are no clear signs how
future temperature and precipitation variability will evolve in winter in midlatitudes (Deser et al.,
2012), although a recent study demonstrates a slight decrease of winter temperature variability
(Holmes et al., 2016). The analyzed inter-annual variability in this study is therefore first of all
determined by the inter-annual variability of the underlying temperature and precipitation
conditions in the reference period. For the future scenario periods the shown inter-annual snow
variability is additionally influenced by the non-linear dependence of snow on temperature, which
changes the variability dependent on the size of the AT values.”

3. P12L23-24. Is this because the amount of snowfall is more sensitive to temperature when the
precipitation is larger?

We don’t know, but that could be a possible explanation, since larger precipitation events often
happen at relatively warm temperatures.

4, P14L2-3. Is this just common knowledge or can you support the statement with a reference?

At least for “snow” people it is common knowledge, nevertheless we added the following

references for those less familiar with this issue:

e Norrman, J., Eriksson, M., and Lindqvist, S.: Relationships between road slipperiness, traffic
accident risk and winter road maintenance activity, Climate Research, 15, 185-193, 2000.



e Hess, M., Saska, M., and Schilling, K.: Application of coordinated multi-vehicle formations for
snow shoveling on airports, Intelligent Service Robotics, 2, 205, 10.1007/s11370-009-0048-5,
2009.

e Schmidlin, T. W.: Impacts of Severe Winter Weather during December 1989 in the Lake Erie
Snowbelt, Journal of Climate, 6, 759-767, 10.1175/1520-
0442(1993)006<0759:io0swwd>2.0.co;2, 1993.

COMMENTS ON PRESENTATION
1. P2L28-30. Why are most of the results only shown for the Aare region? This should be
mentioned and motivated in the text.

We forgot to mention this in the original manuscript. We therefore included the following
sentence at the beginning of the Results chapter: “We often show results for both Alpine
regions, but sometimes we focus on the Aare region only since the results are quite similar and
its area below 500 m is larger and more homogeneous than the corresponding elevation zone in
the Grisons region.” Moreover, the results for the Grisons region were also added to Figure 2.

2. P3L1: eastern Atlantic? (western Atlantic = east coast of North America)
We agree and changed the sentence to: “The precipitation amount in this region is mainly

controlled by large scale weather patterns coming from the northern Atlantic.”

3. P4L19-22. Instead of describing the socioeconomic pathways, please indicate the end-of-
century CO, concentrations which give a much more tangible idea of the magnitude of climate
forcing.

We added the end of century CO, concentrations and changed the sentences to: “The A1B
scenario is characterized by a rapid economic growth with a mixture of fossil and non-fossil
energy sources.The maximum population will peak around 2050 and the CO2 concentration is
roughly 720 ppm at end of the century. In the A2 scenario a continuously increasing population
and a low economic rate of growth is assumed and the CO2 concentration reaches roughly 860
ppm (Nakicenovic and Swart, 2000).”

4. P6L7-8. “the uncertainty of model set up” should rather be “model fidelity”.

corrected

5. P6L15. observed or simulated snow depth above 0.01 m?

The observed snow depth. The sentence reads now: “The RMSE was calculated for each of the
13 years of the reference period for the observed snow depth above 0.01 m (Table S1).”

6. P6L26 and 29. Replace “uncertainty” with (e.g.) “error” or “discrepancy”

corrected



7. P7L21-23. Would it not be simpler to directly compare the interannual variability
(characterized e.g. by the coefficient of variation of snow depth or by the relative difference
between the maximum and the minimum) in the baseline and future climates?

Yes, that would be another possibility, but this approach would not be able to provide the
valuable information how the future inter-annual variability changes due to non-linear
dependence of snow on temperature.

8. P8L9. What is the height range covered by the 500 m elevation zone?

The height range is a 100 m band, i.e. between 450 and 550 m for the 500 m elevation zone.
We indicated this by changing the sentence to: “At the 500 m (450-550m) elevation zone...”

9. P8L14. “The decrease of the affected years with elevation ... is caused by the lower inter-
annual variability” does not make sense. The results show that the overlap between the baseline
and future distributions is larger at higher elevations, most likely because the colder baseline
climate make snow conditions at higher elevations less sensitive to warming.

We agree and changed the sentence to: “At these higher elevations more winters remain with
maximum snow depths higher than the current minimal snow depth. This is caused by the fact
that the colder baseline climate makes snow conditions at higher elevations less sensitive to
warming.”

10. P8L30. Always snow-covered in winter?

We agree and changed the sentence to: “The absolute decrease is largest between 1500 and
2500 m asl, since this elevation band is nowadays always snow covered during the winter
months and heavily affected by warmer temperatures.”

11. P8L32. winter months

corrected

12. PIOL1. the fact that

corrected

13. P9L4. How do you define the beginning and end of the snow season if the first continuous
snow melts away or individual days with continuous snow occur after the main snow season?

The beginning and end of the snow season was defined as the longest snow covered period in
each season. We there changed the sentence to: “The date of the first continuous snow (snow
depth at least 1 cm) and the end of the snow season was calculated based on the longest snow
covered period for each of the 13 years for all time periods.”



14. P9OL6-7. As Figure 7 shows, the time shifts depend on elevation. What elevation do you
refer to in this text?

The former text refered to the elevation zone between 1000 and 2000 m. We realized and that
the differences within this zone are large. Therefore we refer now to 1500 m and changed the
text accordingly: “At 1500 m, for example, the snow season starts on average about 2 (2035) to
5 (2085) weeks later and ends 2 (2035) to 12 (2085) weeks earlier.”

15. P9L12 and 13. "months” in plural.

corrected

16. P9L20-22. This complication could have been avoided by using the baseline period glacier

mask for all periods.

Yes, you're right, that would have been another possibility.

17. P10L6. Note that the ...

corrected

18. P10L10-11. Please specify the emission scenario to which this result applies.

We added this information, which changed the sentence to: “During the middle of the century
and the A2 emission scenario, the same probability can be found at 850 m asl.”

19. P11L8. Note that this is ...

corrected

20. P11L14. snow cover or snow water equivalent?

corrected to snow water equivalent

21. P13L8-9. expected snow volume reduction ... in which season?

We added the information and changed the sentence accordingly: “Both regions show a similar
clear reduction in the future snow volume (Jan-Mar)...”

22. P13L32. “summer months” in plural.

corrected



23. P14L9. “which might have worse consequences than the same amount of snow today”?
While the preparedness will be most likely reduced, it is not obvious why the future
preparedness for future’'s snow extremes should be worse than today’s prepared- ness for
today’s more severe snow extremes.

We see a clear difference in this respect. Today, we can also handle extreme snow amounts, ,
because we have the tools and some experience from “normal” snow events. In future, we will
be much less prepared for snow abundant winters, because we don’t have the experience and
infrastructure anymore, since we are used to winters without snow. An analogue of such
situations can be seen in the rare cases, when there is abundant snow in such places as the
Mediterranean or Florida. Nevertheless, we rephrased the corresponding paragraph: “Due to
fact that precipitation towards the end of the century is projected to slightly increase, it is
therefore probable, that also in future (then) unusual winters may experience short periods of
abundant snow, which might have worse consequences than today since society probably would
be less prepared for such rare events”

24. Table 2. Please mention the emission scenario in the caption.
We added the information and changed the caption accordingly: “Number of days with more

than 30 cm/50 cm of snow depth at 3000 m asl in the Aare region for the reference period and
the three future scenario periods based on the A2 emission scenario.”

25. Figure 2. It would be simple to include the results for the Grisons region by adding a parallel
set of bars with a different colour.

We agree and added the results for the Grisons region.

26. Figure 3. The headings “Aare” and “Grisons” could be inserted above the figure panels for
easier reference.

Is not necessary since the figure has been redesigned anyway and the two regions have been
included in the legend.

27. Figure 4. How wide are the elevation zones in terms of their height ranges?

We added the following sentence to figure caption: “The elevation zones are 100 m wide, i.e. the
1500 m zone, contains all pixels between 1450 and 1550 m.”

28. Figure 4. The dashed lines are too faint.

corrected

29. Figure 6. Please specify the emission scenario in the caption and increase the size of the
labels.



The size of the labels has been increased and the caption reads now: “Total volume of snow
(Jan-Mar) in the Aare region for the today (solid line) and the end of the century (dotted line)
based on the A2 emission scenario.”

30. Figure 8. Please increase the size of the figure panels and the size of their labels, and
reduce the unnecessary empty space between them. It would also be helpful to describe the
interpretation of the box plots in the caption.

Corrected and the following description of the box plots has been added to the figure caption:
“The little square in the box plots represents the mean value and the whiskers show the 2.5 %
and 97.5 % quantile value of the different model simulations.”

31. Caption of Table S1. The values suggest that this is not a “relative error” (which would be
expected to be large at stations with little snow” but rather the absolute root mean square error.
In addition, please spell out the station acronyms.

Yes, you're absolutely right. We therefore changed the table caption accordingly and also
replaced the stations acronyms with their names.

32. Figure S1. Please use colours and increase the size of the headings and the labels. Also, as
this figure is in the supplementary material, there is no need to squeeze the three panels on the
same row.

corrected

33. Figure S2. This figure is difficult to understand. If the purpose is to illustrate the change in
interannual variability, scatter plots with the yearly values of the baseline snow depth on the X
axis and the corresponding future yearly values of snow depth on the Y axis would be more
informative. Besides, the figure is too small.

We produced a scatter plot figure as suggested, but we cannot see the scientific gain of such an
approach. The original figure has therefore been enlarged but we agree is still not easy to
understand. However, we believe the figure provides a good approach to demonstrate how the
distribution of snow abundant and snow scare winters changes dependent on the time and
emission scenario due to non-linear dependence of snow on temperature.

34. Figure S4. Better in colour and with larger X and Y labels

corrected

35. Figure S6. The lines are far too faint and the labels (as well as the figure panels) far too

small. Use colours for a better separation of the lines.

corrected



10

15

20

25

30
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Abstract. This study focuses on an assessment of the future snow depth for two larger Alpine catchments. Automatic
weather station data from two diverse regions in the Swiss Alps have been used as input for the Alpine3D surface process
model to compute the snow cover at 200 m horizontal resolution for the reference period (1999-2012). Future temperature
and precipitation change have been computed from 20 downscaled GCM-RCM chains for three different emission scenarios,
including one intervention scenario (2°C target) and for three future time periods (2020-2049, 2045-2074, 2070-2099). By
applying simple daily change values to measured time series of temperature and precipitation-series-small-scale climate
scenarios have been calculated for the ensemble—mean median estimate and extreme changes. The projections reveal a
decrease in snow depth for all elevations, time periods and emission scenarios. The non-interventions scenarios demonstrate
a decrease of about 50 % even for the elevations above 3000 m. The most affected elevation zone for climate change is
located below 1200 m, where the simulations show almost no snow towards the end of the century. Depending on the
emission scenario and elevation zone the winter season starts half a month to one month later and ends one to three month
earlier in this last scenario period. The resultant snow cover changes may roughly be equivalent to an elevation shift of 500-
800 m or 700-1000 m for the two non-intervention emissions scenario. At the end of the century the number of snow days
may be more than halved at an elevation of around 1500 m and is predicted to only 0-2 snow days in the lowlands. The
results for the intervention scenario reveal no differences for the first scenario period, but clearly demonstrate a stabilization

thereafter, comprising much lower snow cover reductions towards the end of the century (ca. 30 % instead of 70 %).

1 Introduction

The inter-annual snow volume is highly variable in the Alps. This is mainly caused by the combined effect of temperature
and highly variable precipitation amounts (Bartolini et al., 2009). Consecutive winters with little snow or short snow
duration can endanger the livelihood of tens of thousands because up to 90 % of the economy in Alpine villages depends on
winter tourism (Abegg et al., 2007), whereas huge amounts of snow can cause destructive avalanches like in winter 1999
(Wilhelm et al., 2001). The Alps are already affected by climate change, mainly by increasing temperatures (Serquet et al.,
2011). Several studies demonstrate the effect of these changes on the snow depth and snow duration-eever-(Scherrer et al.,
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2004;Durand et al., 2009;Marty, 2008), on snow fall (Valt and Cianfarra, 2010;Serquet et al., 2011) or snow water
equivalent (Marty et al., 2017).

Projections of the future winter climate reveal that temperatures will further increase whereas the precipitation signal in the
Alps is less clear (Gobiet et al., 2014;Zubler et al., 2014), . On the point scale Schmucki et al. (2015a) have shown that the
depth of future snow pack is clearly controlled by increasing temperatures and that the projected small increases in
precipitation can only at highest elevations and only partly compensate the effect of the dominating warming signal. On the
regional/catchment scale so far the impact of these changes on the snow cover has mostly been investigated by either using
GCM / RCM output directly with the limited ability to model high elevation changes (Mankin and Diffenbaugh, 2015) given
the coarse spatial resolution of such models or by using a limited set of high resolution RCMs and emission scenarios: For
example, Steger et al. (2013) assessed the trend of future snow water equivalent (SWE) in the Alps from direct RCM output.
Laghari et al. (2012) investigated the change of SWE and runoff in a catchment in the Austrian Alps by applying the
conceptual hydrological model PREVAH to direct projections of a larger set of RCMs from the PRUDENCE project.
Rousselot et al. (2012) modelled snowpack scenarios across the French Alps with the snow model CROCUS using the
French RCM ALADIN. Marke et al. (2014) used the model AMSUNDSEGSN with three RCMs and one emission scenario to
simulate the future snow cover and ski season length for a small region in the central Austrian Alps.

The goal of this study is to investigate the impact of climate change on the Alpine snow cover with the surface process
model Alpine3D (Lehning et al., 2006). In contrast to Bavay et al. (2009 & 2013), which used Alpine3D to analyse the
changes in runoff in eastern Switzerland, we use a full set of RCM simulations, mean and extreme changes, three emissions
scenarios and two diverse regions to investigate the difference in snow cover between two non-intervention scenarios and a
climate stabilization scenario that supposes that global emissions are cut by about 50 % by 2050. This scenario likely limits
global warming to 2°C since the preindustrial level. The two regions and the input data from meteorological stations are
introduced in chapter 2.1 & 2.2. We use projections from 20 GCM-RCMs model combinations of the ENSEMBLES project
(chapter 2.4) to perturb the current conditions determined by the data of the meteorological stations. These modified data
were used to force the Alpine3D model (chapter 2.3) to simulate changes of the snow depth for different elevations and

seasons.

2 Data and Methods
2.1 Investigated regions

Two different catchments (the Aare region in central Switzerland and the Grisons region in eastern Switzerland) were chosen
to assess the future evolution of the Alpine snow pack (Figure 1). The Aare region comprises 3190 km? and its mean
elevation is 1530 m asl. It is characterized by the Swiss Plateau in the north (mean altitude 500 m asl) and a small band of

high mountains in the south. The precipitation amount in this region is mainly controlled by large scale weather patterns
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| coming from the northern and-western-Atlantic. The river Aare acts as the discharge of the catchment area and drains into the

river Rhine and finally into the North Sea.

The Grisons region is three times larger (10373 km?) and its mean elevation is 1903 m asl. It is characterized by a high
alpine environment and a maximum elevation of 4049 m asl (Piz Bernina). The precipitation in its northern part is also
controlled by weather from the north-western sector, whereas the southern part is dominated by moisture from the
Mediterranean Sea. The region drains mostly into the upper Rhine (North Sea) and the Inn (Black Sea). Some southern parts

drain into the river Po and finally into the Adriatic Sea.

2.2 Input data

The meteorological data were provided by 48 automatic weather stations (AWS) in the Aare region and 34 AWS in the
Grisons region at hourly resolution. For both regions the large majority of the stations were located between 500 and 2500 m
asl. The stations were selected based on the requirement that they provide hourly meteorological data and are located in or
close to the simulation region. The following meteorological parameters were used for model input: Air temperature, relative
humidity, wind velocity, precipitation, shortwave radiation and (if available) snow surface temperature and ground surface
temperature. Incoming longwave radiation was parameterized and precipitation was corrected for wind-induced under-catch
as described in Schldgl et al. (2016). The years between 1999 and 2012 were selected as reference period in order to keep the
data availability optimal. This 13 years period contains one of the most snow abundant (2009) and one of the most snow-
scare winters (2007) in the last 30 years. The fact that not all stations provided the same number of parameters was not a

problem since each parameter was individually interpolated to the model grid (see next chapter).

2.3 Alpine3D

The snow pack was simulated with the surface process model Alpine3D. Alpine3D is a spatially distributed (surface), three-
dimensional (atmospheric) model for analysing and predicting the dynamics of snow-dominated surface processes in
mountainous topography. It consists of a snow cover (SNOWPACK) optional modules like runoff, vegetation, soil and snow

transport

(Lehning et al.,
2006). Essential input data for the successful simulation were the following different surface grids and time series of
meteorological parameters: A digital elevation model (DEM) with a horizontal resolution of 200 m was used in order to
represent the topography of the two regions. The necessary land cover data were taken from CORINE (Bossard et al., 2000)
with a horizontal resolution of 100 m and converted into the PREVAH classification (Viviroli et al., 2009). The PREVAH
classification is less detailed than the CORINE classification, but sufficient for our simulations. These data were interpolated
to the 200 m grid of the DEM by the nearest neighbour method. Since this study focusses on snow on ground but not snow
on glaciers, the few pixels with glacier surfaces were removed in the post-processing in order to reduce the uncertainty of

our results.
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The above-described meteorological data of the stations were spatially interpolated to the grid of the DEM by inverse

distance weighting (IDW) except the radiation components, which are physically calculated in the energy balance module.
Vertical gradients were calculated based on the data of the AWS for an hourly time step by IDW. If the correlation
coefficient of the vertical gradient is lower than 0.7, Alpine3D omits the data of the AWS with the worst fit to the linear
regression. This process is iterated until the correlation coefficient becomes higher than 0.7. If this threshold is not reached, a
constant value (independent of altitude) is assumed. For details see Bavay and Egger (2014). Finally, the different snow pack
parameters were calculated for each pixel of the DEM grid based on the interpolated meteorological input parameter. The
different soil and vegetation were also considered as well as the boundary layer parameters. For example, the roughness
length was set to 7 mm and the height of the wind measurement was set to 3.5 m. The condition of the boundary layer was

assumed to be neutral. The surface heat fluxes were parameterized using the Monin-Obukhov similarity theory.

2.4 Climate scenarios

Projections of future climate are provided as an extension of by the CH2011 climate change initiative. This initiative
provides among others daily change values of temperature and precipitation for Switzerland on a 2 km grid (Zubler et al.,
2014), which are based on the 20 GCM-RCM model chains of the EU-ENSEMBLES project (Van der Linden and Mitchell,
2009). Three emission scenarios (A2, A1B and RCP3PD) are provided for three different time periods (2020-2049, 2045-
2074, 2070-2099), which for convenience are labelled by their middle year 2035, 2060 and 2085, respectively. The three
emission scenarios can briefly be described as follows: In the RCP3PD scenario, the only interventional scenario, the
emissions are supposed to be halved by the mid of the century and thus the CO, concentration will be stabilized near 450
ppm at the end of the century (van Vuuren et al., 2011). This scenario limits warming to 1.4 °C in Switzerland (most
probable value with respect to the 1980-2009) and likely prevents global warming of more than 2°C since the pre-industrial
period. The A1B scenario is characterized by a rapid economic growth with a mixture of fossil and non-fossil energy
sources. The maximum population will peaks around 2050 and the CO, concentration is roughly 720 ppm at end of the
century. In the A2 scenario a continuously increasing population and a low economic rate of growth is assumed and the CO,
concentration reaches roughly 860 ppm (Nakicenovic and Swart, 2000). Note, this scenario is much-lower than the high-end
scenario {RCP 8.5)(940 ppm) used in the current IPCC’s Fifth Assessment Report (van Vuuren et al., 2011).

The assessment of the changes in temperature and precipitation are based on 20 different GCM-RCM ensemble
combinations. The focus of this work is related to the {ensemble)-mean median estimate of these 20 different combinations,
which were derived by Bayesian methodology. The upper and lower beunds-estimates (extremes) of this dataset, which
contains the 97.5 %, respectively 2.5 % quantile of the 20 member ensembles are also considered for some analyses
calewlated—for-some—analysis in order to get information about the range of the uncertainties of the temperature and
precipitation change. Hereof, it is important to know that this Bayesian methodology contracts in some cases the uncertainty
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range directly derived from the variation of the original RCM simulations. Therefore, the uncertainty range in this paper
should also be seen as indicative only. A simple Ddelta change approach was used to compile meteorological time series of
future Alpine climate. This means that the time series of the reference period were modified with the provided gridded daily
change values of the air temperature (AT) and precipitation (AP). More information about the calculation of these delta
values and about the downscaling and can be found in Zubler et al. (2014). Please note, that the reference period of these
delta values (1980-2009) has an overlap of 11 years only with the reference period of the meteorological input data (1999-
2012). However, a comparison of the winter temperatures for example revealed a difference of only 0.06 K between the two
reference periods. The gridded delta values were interpolated to the coordinates of the AWS of the two regions. This allows
a spatial dependence of the climate change signals, in contrast to a spatial averaging of the deltas over the entire region like
in Bavay et al. (2013) and most other studies. The temperature change signal can differ by up to 0.5 degrees in the same
region (mainly dependent on altitude) and has to be considered. Finally, the AT is added to the time series of the air
temperature and the AP is multiplied by the time series of the precipitation for each year of the reference period by a simple

delta approach.

Tseen = Trer + AT 1)
Pscen = Prer * (1+AP) (2),

where AP is given in [%]. A time series of AT and AP shows the seasonal variations of the climate signals. The highest
ensemble-mean median estimate of AT was clearly found for summer season. The lowest AT is predicted for spring, with
only slightly higher changes in winter and autumn. Depending on the emission scenarios, the seasonal range of the ensemble
mean median estimate of AT varies for the end of the century between 0.4 and 1.0 degree. In contrast to temperature, the
change in the seasonal precipitation can only be predicted with high uncertainties. The projection range of the 20 different
climate models is covering decreasing and increasing precipitation for almost all seasons and scenario periods. The ensemble
mean median estimate of precipitation changes significantly only in summer time, with a decrease of up to 30% towards the
end of the century. In spring the precipitation is predicted to increase by up to 10%. For winter and autumn the precipitation
will not change significantly. Investigating snow related questions, the climate change signals for winter and beginning of
spring are more important than changes in summer time.

In Figure 2 the ensemble-mean median estimate deltas and their uncertainty range are shown for the means of the months
January to March. Slightly higher temperature changes in Grisons than in the Aare region are projected, especially for the
end of the century. In this scenario period the precipitation increases according to the A2 scenario by 4.3% in the Aare
region and 7.3% in Grisons, respectively. The influence of the precipitation change is negligible compared to the temperature
changes, because the predicted changes in precipitation are very small in the winter half year (Schmucki et al., 2015a).

Due to the fact that the parameterized incoming longwave radiation (ILWR) is a function of the temperature, we calculated

the parameterization of the ILWR for each emission scenario separately. This implies an emission scenario dependent

5



10

15

20

25

30

ILWR, which is necessary because the fluxes of the ILWR contribute significantly to the snow melt, especially in spring
(Schldgl et al., 2016).

Changes of glacier coverage were provided by Linsbauer et al. (2013) and used in order to adapt the land cover data to future
scenarios. The changes were calculated with an elevation dependent ice thickness model (M2) for the three emission
scenarios and the three different time periods. Future glacier free areas were assumed as pixels with rocks in the land cover
data. Note that the ice thickness model is only forced by the temperature change. Changes in the precipitation as seen in
Figure 2 were neglected in the model because of too high uncertainties in the assessment of future precipitation. The current
relative amount of glacial areas in the Aare region (6.7%) is higher than in Grisons (1.7%). The future glacier covered area

will be halved until 2060 and only a few pixels will still be covered with glaciers towards the end of the century.

3 Results and Discussion

We present projected changes of snow depth and duration for two Alpine regions based on the difference between the
simulated values of the reference period and 9 different climate projections (3 time periods and 3 emissions scenarios). The
results are mainly based on the ensemble-mean median estimate of all 20 model combinations, however in the last paragraph
the uncertainty based on the 95% spread (upper and lower estimates) is also shown. We often show results for both Alpine
regions, but sometimes we focus on the Aare region only since the results are quite similar and its area below 500 m is larger

and more homogeneous than the corresponding elevation zone in the Grisons region.

3.1 Validation

By comparing the modelled Alpine3D snow depths of the reference period with measured snow depths, the model fidelity
uheertainty-of the-model-setup- is estimated by means of the RMSE. The nearest and all neighbouring pixels (totally nine)
were considered for comparison with the station value. The pixel which showed the best agreement with the station elevation
was chosen for comparison. The agreement is generally good, but such a comparison in a heterogeneous topography like the
Alps will always be limited by the fact that the observations are point measurements in a flat field and the pixel value
represents an average over an area which is inclined and on a different elevation. Moreover, measured snow depth in high-
alpine flat fields usually is higher than the spatially averaged snow depth, e.g. from a grid cell (Griinewald and Lehning,
2015) and therefore generally not representative of a larger area. The RMSE was calculated for each of the 13 years of the
reference period for the observed snow depth above 0.01 m (Table S1). Mountain stations generally show a higher RMSE
due to above described topographical effect. Figure S1 illustrates some typical cases, where the simulated snow cover is
either too large or too small: At the high elevated station Weissfluhjoch (2540 m) in the Grison region the simulation
underestimates the snow depth, whereas several stations between 1000 m and 1700 m asl, especially Disentis (1190 m) tend

to start melting snow later than observed. This is also the reason why the simulated snow depth was overestimated for the
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lowland station Bern (542 m). This could be partly caused by a known limitation of the albedo function as described in
Schmucki et al. (2015a). High RMSE values at high-alpine sites are also explained by the fact that the measured
precipitation is often heavily affected by the uncertainty of the under-catch correction and often shows poor elevation
dependence because the regression is sometimes calculated across mountains ranges with different climate on each side. A
regression across smaller areas or across the same climate regions (as in the Aare region) would probably improve the linear
regression (Schlogl et al., 2016).

A comparison with the station based approach of Schmucki et al. (2015a), which also used some of the stations in our
investigated regions, demonstrates that the uneertainty—error in simulating the mean winter snow depth in the reference
period at the point scale (between -15 and 26 % for the different stations) increases to a larger range by our regional
approach (between -47 and 65 %). This is not surprising taking into account the uncertainty involved by the pixel approach
in a highly complex mountain area. However, the median value of all stations reveals a comparable uncertainty for both

approaches (9 vs 11 %).

3.2 Mean snow depth

The impact on the mean snow depth has been investigated by computing the temporal (13 water years) and spatial (area of
the region) mean relative changes for the nine different climate projections. The calculated mean snow depth can also be
seen as a proxy for the mean snow volume. The analysis reveals similar relative decreases for the two different regions
(Figure 3). The Grisons region however always shows somewhat larger decreases, which can be explained by the slightly
higher AT in the winter months. i }

Concerning the median estimates, Fthe influence of the precipitation change is negligible compared to the temperature

changes, because the projected changes are small in the winter half year. The A1B and A2 simulations show similar snow
depth changes for the first two scenario periods (ca. -25 %, respectively ca. -50 %). The last scenario period however reveals
a ca. 7 % larger decrease for the A2 scenario (ca. -70 %). The RCP3PD simulation however reaches its maximum impact
(ca. 30 % decrease) already in the second scenario period. The exact numbers of the median estimate relative decreases are
represented by the X-values in Figure S2, where the distribution of the annual changes is also illustrated. To get a better
perspective on what these numbers imply for a typical mid-winter day, we visualized the impact for the Feb 1 snow depth
(Figure S3) for the end of the century. The greenish colours in the lowest elevations clearly illustrate the strong snow
reductions (80-100%) in the regions where most of the population lives. Since the numbers of the relative decrease for snow
depth and SWE are very similar (Schmucki et al., 2015a) our results can at least for the Grison region and the A1B scenario
be compared with the numbers found in Bavay et al. (2013). Their SWE reduction of 11 to 28 % (depending on the RCM
being used) for 2035 and 43 to 66 % for 2085 is in good agreement with our ensemble-mean median estimate value of ca. 25
% for 2035 und 62 % for 2085.
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3.3 Inter-annual variability

The Delta change method applies changes in temperature and precipitation, which depend only on time period and emission
scenario but are otherwise constant. Therefore changes in future climate variability, which may be present in the original
RCM model predictions, are neglected. According to climate model projections there are no clear signs how future
temperature and precipitation variability will evolve in winter in midlatitudes (Deser et al., 2012), although a recent study
indicates a slight decrease of winter temperature variability (Holmes et al., 2016). The analyzed inter-annual variability in
this study is therefore first of all determined by the inter-annual variability of the underlying temperature and precipitation
conditions in the reference period. For the future scenario periods the shown inter-annual snow variability is additionally
influenced by the non-linear dependence of snow on temperature, which changes the variability dependent on the size of the

AT values. We a nd-characterized the inter-annual

variability of the mean snow depthit by the d-value (Figure S2). The d-value defines the difference between the year with the

highest and the year with the lowest relative decrease for each scenario period and emission scenario. Fhese-variations-are

very cold winter the relative snow depth decrease will be lower than for a warm winter due to the 0°C dependence. The
resulting inter-annual variability in the Grisons region amounts to ca. 15 % in the first scenario period and up to 30 %
towards the end of the century. The reason for this increase in d-values is caused by the fact that the first scenario period is
located closer to the reference period than the third and warmest time period. Thus a higher climate change signals usually
broadens the distribution. This is only true if there is still enough snow available for melt. This is no longer the case at the
end of the century in the 400 m lower-elevated Aare region, which therefore shows no increase in the d-value for the last
scenario period. This is also the reason for the slightly higher d-values in Grisons for all emission scenarios in the last two
scenario periods.

We also analysed the mean snow depth evolution (mean of 13 years of simulation) and its variability (minimum and
maximum snow depth for each day) in six elevation zones for the reference and the last scenario period for the A2
simulation (Figure 4). The snow depth maxima at the end of the century are lower than today’s mean snow depth in all
elevation zones, except the highest (3000 m asl), where the maxima correspond more or less to today’s mean values. On the
other end, the mean snow depth evolution at the end of the century is similar to today’s minima for all elevation zones except
the highest.

As mentioned earlier the future snow depth is mainly dependent on the increasing winter temperature since the precipitation
change in the winter half year is small. The evolution of the mean winter temperature and the maximum snow depth
therefore are correlated (Figure S4). At the 500 m (450-550m) elevation zone 6 (3,0) out of the 13 years in 2035 (2060,
2085) show a higher maximum snow depth than the lowest maximum in the reference period. The same figure also reveals

that in the elevation zones between 500 and 1500 m asl the winter with the lowest maximum snow depth in the reference
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period corresponds to about the winter with the highest maximum snow depth at the end of the century. At the 2500 m, 12
(11,8) out of 13 years show a higher maximum snow depth in 2035 (2060, 2085) than the lowest maximum of the reference
period. At these higher elevations more winters remain with maximum snow depths higher than the current minimal snow

depth. This is caused by the fact that the colder baseline climate makes snow conditions at higher elevations less sensitive to

Hfortan a) A h ala on ad Nh na lowa Nnta nNn
> c > o o o ct ot ctHat

warming.

. The same results are also valid for the mean snow depth (not shown).

3.4 Seasonal and elevation dependence

The relative decrease of the snow depth is dependent on time and elevation zone (Figure 5). The highest relative decrease
can be found in the lower elevations. Below 1000 m asl the relative decrease is more than 70% for all emission scenarios and
time periods. Elevations above 2000 m asl are less sensitive to climate change. Nevertheless, even at 3000 m the snow
depths will be halved towards the end of the century according to the A2 scenario (Table 1). This in good agreement with a
study of Rousselot (2012) in the French Alps, which found a 69 % decrease at 1800 m asl (compared to 75% in our study).
The graphs for the RCP3PD scenario demonstrate that the benefit of interventions is only discernible after the first scenario
period and then mainly above 2000 m, where the snow cover reduction is limited to about 20%. The begin and the end of the
snow season are more sensitive to climate change due to generally warmer temperatures than the mid-winter months January
and February, which is especially obvious in higher relative decreases in the spring months (Table 1). This finding is in
agreement with Steger et al. (2013), which also observed the largest snow cover reduction in spring.

Due to the fact that daily mean and maximum snow depths are decreasing, the total volume of snow must also shrink. In
contrast to the relative decrease the absolute decrease is small below 1000 m asl for the end of the century, since the usual
snow volume is small anyway in this elevation zone (Figure 6). The absolute decrease is largest between 1500 and 2500 m
asl, since this elevation band is nowadays always snow covered during the winter months and heavily affected by warmer
temperatures. This is not the case above 3000 m asl, where absolute decreases are again small since it is usually still cold
enough to prevent melting in the winter months. This is also true for the inter-annual variability of the January to March
period (shaded areas in Figure 6), which clearly decreases with increasing elevation due to the fact that at higher elevation

the snow volume is mainly dependent on precipitation and much less on temperature.

3.5 Continuous snow cover

The date of the first continuous snow (snow depth at least 1 cm) and the end of the snow season was calculated based on the
longest snow covered period for each of the 13 years for all time periods. Finally, the median of these 13 years was
calculated for 100 m elevation bands. The results of this process for the Aare region and the A2 emission scenario are shown
in Figure 7. At 1500 m, for example, Fthe snow season starts on average about 2 (2035) to 4-5 (2085) weeks later and ends 4
2 (2035) to 12 (2085) weeks earlier. The retreat of the snow disappearance is also dependent on elevation, especially for the

end of the century, when the most sensitive elevation zone is at roughly 1500 m asl. This is probably caused by the fact that
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this elevation zone is then closest to the 0°C limit. At higher reaches, many parts of the winter will still remain below the
freezing level. At lower reaches the snow season is anyway too short to produce important reductions in the period length of
continuous snow cover. These is results confirms the finding of Kotlarski et al. (2015), which-who investigated the elevation
dependency of the temperature-warming number of snow days in 5 RCMs and found a maximum warming-sighal-in-winter
and-spring reduction for the winter half year at about-abeve-1500 m asl.

The snow season at 1000 m asl currently lasts about 4 months from December until end of March. At the end of the century
almost no snow is projected at this elevation. A similar reduction of 4.5 months can be observed at 1500 m asl, where the
continuous snow cover is reduced to only 2 months, i.e. mid of December to mid of February. Please keep in mind that these
numbers are based on an average winter in the corresponding time period and neglect the fact that future winters in this
elevation will often be characterized by ephemeral snow cover, which is nowadays typical for elevation below 1000 m only.
This result is in good agreement with the findings of Schmucki et al. (2015b), which-who demonstrate that at 1500 m asl in
the Swiss Alps the probability for a winter with a continuous snow cover is only 60% at the end of the century. Generally,
the decrease in snow duration is equal to an elevation shift of 200-500 m for the first scenario period and 700-1000 m for the
last scenario period for the A2 scenario. This result is in agreement with a study of Bavay et al. (2013), whieh-who used 3
RCMs only and found similar numbers for the Swiss Alps. The little bump at 2800 m in the curve of the first scenario period
(Figure 7) results from the smaller glacier coverage in the time period 2020-2049. Originally deleted pixels (due to glacier

coverage) are now snow covered pixels in this time period (see 2.3).

3.6 Number of snow days

The demonstrated decrease in snow depth and snow duration affects also the number of snow days. We define a snow day as
a day with a least 5 cm snow on the ground, because with respect to winter tourism this is the minimum snow depth to
generate a winter feeling, to build a snow man, or to go sledding. The number of such snow days was therefore calculated for
the four time periods for several towns in the two investigated regions. Table S2 shows the median number of such snow
days for the A2 scenario. The results clearly show that the number of snow days in the Swiss plateau will become zero in the
last scenario period. Therefore, a multi-day snow cover will be a rare event towards the end of the century in this elevation
zone. Stations at about 1500 m will lose ca. 100 snow days, especially in the melting season. Davos (1560 m), for example,
is supposed to have only 10 snow days more at the end of the century than Chur (593 m) today and Adelboden (1350 m) will
get less snow days than Bern (542 m) at the present time.

The inter-annual variability in snow days is shown in Figure 8 for three selected stations in the Aare region. The range is
highest for Bern (542 m) at the present time, for Grindelwald (1034 m) in the first scenario period and for Murren (1650 m)
in the last scenario period, which corresponds well with the findings described in section 83.3, where the elevation with the

highest variability increased with time. Note that the inter-model variability, from which the easemble-mean median estimate
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| is calculated, is much smaller than the inter-annual variability; which-is—in-agreement-with-as shown in Schmucki et al.

(2015b).

The probability of a winter with 0 snow days, less than 5, 15 or 50 snow days depending on elevation and scenario period is
shown Figure S5. As expected, to the same probability in future would be found at higher elevation. For example, today
there is a 7% probability that we experience less than 5 snow days at 500 m asl. tr-the-secend-scenarioperied During the
middle of the century and the A2 emission scenario; the same probability can be found at 850 m asl.

A higher snow day threshold has to be taken into account, when the natural snow reliability for a ski resort is analyzed. The
snow reliability is an important factor for a profitable ski resort and is directly correlated with the expected costs for the
additional production of artificial snow. A minimum snow depth of 30 cm during 100 days between December 1 and April
15 is often used a threshold for this purpose (Elsasser and Birki, 2002), because experiences show that this is the minimum
requirement for an economically viable ski area operation. To illustrate the declining elevation- and time-dependent natural
snow reliability the median number of days where at least 80 % of the pixels have a snow depth of at least 30 cm were
therefore calculated in 200 meter elevation bands. Figure 9 demonstrates the thus calculated current and future snow
reliability for the A2 scenario in the Aare region separated by north and south facing aspects. Elevations and time periods
with less than 40 days with at least 30 cm snow on the ground are colored in red. Green colors in contrast are indicating a
snow guarantee for the ski resorts (more than 100 days with at least 30 cm snow). The cases between 40 and 100 days are
labelled yellow, which indicates elevations and time periods, where the natural snow reliability is marginal and local effects
may be a dominating factor.

According to this approach the natural snow cover is already today definitely not sufficient below 1000 m. This elevation
limit is shifted to 1800 (2000) m asl at the end of the century for north (south) facing slopes. On the other end, today enough
snow can only be guaranteed above 1400 (1600) m asl for north (south) facing slopes. In 2085 however a natural snow
guarantee can only be found above 2400 (2600) m asl for northern (southern) aspects. This upward move of the snow
reliability of 800-1000 m between the reference period and the last scenario period is within the elevation shift range found
for the continuous snow cover (section 3.5). Compared to observations the 200 m elevation difference in snow reliability
between northern and southern slopes seems to be on the low side but can be explained by the following fact. Even the high-
resolution 200 m DEM produces a smoother topography, in which slopes are less steep and therefore southern aspects less
exposed to the low winter sun. In addition, small scale processes due to rough terrain (e.g. enhanced melting in rocky slopes
of southern aspect, drifting snow) are not considered in our modelling set-up.

Snow is not only an important economic parameter for winter tourism, snow also plays in important role for the evolution of
the permafrost in high Alpine regions. This permafrost will probably thaw in a warmer climate if it is not protected by a deep
and long-lasting snow pack in spring and summer (Haberkorn et al., 2015). The retreat of the permafrost in the alpine
regions can affect the stability of infrastructure in these area or cause debris flows, which threaten populated areas far
downstream (Haeberli et al., 2010). For this purpose we analyze the number of days with at least 30/50 cm of snow at 3000

m asl in all four time periods for the A2 scenario in the Aare region. There are currently 308 such snow days with at least 50
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cm snow at this elevation (Table 2). The reduction is 30 % in the first scenario period, 40 % in the second and 60% in the
last one, leaving only 133 snow days. Note that; this is a much higher reduction than the corresponding decrease in snow

cover duration at the same elevation, which only accounts to ca. 30 % in the last scenario period (Figure 7).

3.7 Uncertainty consideration

Ideally the uncertainty analysis incorporates every step in the modelling process. The biggest uncertainty has been assessed
by considering three different emission scenarios. Another source of uncertainty comes from the snow model in regard to the
resolution, the parametrized processes, the choice of the boundary layer parameters and the available meteorological stations
to verify the RCM runs. Schlégl et al. (2016) concluded in a recent study that the uncertainty of the simulated snow water
equivalent eever- from these factors is typically ca. 15%, but is negligible in climate change studies as long as only relative
changes are considered. As described in Zubler et al. (2014) there is also uncertainty in the RCM downscaling procedure.
One important point to keep in mind is the interpretation of the high elevation results, because the highest point in the
ENSEMBLES grid is only 2600 m asl. Moreover, above this elevation glacier melt may decrease the spring snow albedo by
dust from exposed moraine rubble and glacial till (Oerlemans et al., 2009).

In the following we focus on the uncertainty originating from the different temperature and precipitation changes as
projected by the 20 different GCM-RCM chains available from the CH2011 initiative. So far the focus was on projected
changes based on the median value fromerm the ensemble of these different models. To investigate this uncertainty the snow
cover has also been simulated for the upper and lower AT, respectively upper and lower AP (see 2.4), for the three future
time periods and the A2 emission in the Aare region. These four simulations define the range of the uncertainties of the

climate change signal.

— upper AT, upper AP
—lower AT, lower AP
— upper AT, lower AP
— lower AT, upper AP

Simulating only the first two cases is not sufficient because the upper AT does not necessarily imply an upper AP and a
lower AT does not necessarily imply a lower AP (Fischer et al., 2012). The correlation between AT and AP depends on
season, region and the future time period and varies from a negative inter-variable relation (lower AT and upper AP,
respectively upper AT and lower AP) mostly in the summer time to a positive inter-variable relation (lower AT and lower
AP, respectively upper AT and upper AP) in winter time.

Not surprisingly, in each scenario period the highest relative decrease was found for the upper AT & lower AP simulation,
whereas the lowest relative decrease was found for the lower AT & upper AP simulation (Table 3 & Figure 3). These lower

and upper estimates have been calculated for the Aare region for the A2 scenario only due to limitations in computational
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power. The spread between the lowest and highest estimate is quite high. With the exception of the scenario for 2035
(increase of 13 %) even the lowest estimates cause mean snow depth decreases between 13 and 34 %. The highest estimates

in contrast cause decreases between 49 and 84 %.4n

Figure S6 demonstrates the effect of these possible combinations on snow depth dependent on elevation for all three scenario

periods: The upper panels show the impact on the absolute snow depth and the difference relative to the mean changes as
considered in the above paragraphs. The lower panels illustrate the relative difference in snow depth between the upper and
lower AT simulations with the lower AP configuration (T low) and with the upper AP configuration (T_high), respectively
the relative difference in snow depth between the upper and lower AP simulations with the lower AT configuration (P_low)
and with the upper AT configuration (P_high).

The difference in snow depth between the two extreme precipitation scenarios is largest at about 3300 m asl for the P_high
and the P_low simulation in the 2060 and 2085 scenario period, indicating that these elevation zone is most sensitive to a
change in the precipitation amount. The first scenario period shows no clear peak for the P_low simulation because changes
in precipitation at a small temperature increase affect all elevation above about 1000 m asl similarly. As expected, the
difference is larger at with lower temperature configuration than with the upper temperature configuration in all three
scenario periods.

On the other end, the difference in snow depth between the two extreme temperature scenarios peaks at about 1000 m asl for
the 2035 scenario period indicating that these elevation zone is most sensitive to temperature changes in the near future. The
2060 and 2085 scenario periods show a peak at 1800 m, resp. 2300 m asl demonstrating that the most sensitive elevation
zone is increasing with time independently of the precipitation change (T_high or T_low). However, the difference is larger

with the upper precipitation configuration than with the lower precipitation configuration in all three scenario periods.

4 Conclusions

The large set of downscaled climate models used in this study demonstrates a clear temperature increase for all time periods
and emission scenarios. The precipitation signal on the other hand is diverging between the individual models-seasens.
Future seasonal temperature increase is projected to be highest in summer and lowest in spring with only slightly higher
changes in winter and autumn. This is in contrast to the observed temperature increases during the last decades, which are
largest in spring, closely followed by summer. Ensemble-mean Median estimate values of theseis projected changes together
with a measured climatology (reference period) were used as input for Alpine3D to analyse the impact of these changes on
the future snow cover for two different Alpine regions. Our results corroborate the general findings of earlier studies, but

quantify the uncertainty much better because the ensemble-mean median estimate and the lower and upper bounds (2.5 and
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97.5 % quantile) from 20 different GCM-RCMs were used as input. Moreover, in addition to the often used A1B and A2
emission scenario, the benefit of an intervention scenario (RCP3PD) was investigated, which allowed analyzing how much
Alpine snow can be saved if we manage to stabilize the global temperature increase below 2°C relative to the preindustrial
level.

The results demonstrate that the duration and mass of the snow cover in typical Alpine catchments such as the Aare and
Grisons region will shrink until the end of the century independently of the emission scenario and the used climate model.
However, the size of the decrease can be heavily reduced with an intervention scenario. Both regions show a similar clear
reduction in the future snow volume (Jan-Mar) based on the ensemble-mean median estimate values. For the A1B emission
scenario the expected snow volume reduction averaged over both region will be about 25 % in the near future (2035), 50 %
towards the middle of the century (2065) and 60 % towards the end of the century (2085). The higher A2 scenario differs
only at the end of the century, where the reduction increases to ca. 70%. The RCP3PD scenario however, can limit the
expected snow reduction to 30 % after the middle of the century.

Since the current emissions do not follow the RCP3PD track (Peters et al., 2013), the following paragraph refers to the A2
scenario: The expected snow volume reduction increases from ca. 50 % above 3000 m to almost 100 % at lowest elevations
(500 m asl). Similarly, the reduction increases e.g. at 1500 m asl and for mid of the century from ca. 50 % in mid-winter to
almost 100 % in spring. A detailed analysis of the inter-annual variability demonstrates that the snow cover of a nowadays
snow-scarce winter below 1500 m can be expected to be the average snow cover at the end of the century. The elevation of
the largest absolute declines is increasing with time from 1000 m asl during the first scenario period (2035) to 1800 m asl
during the second period (2065) to 2300 m asl during the third period (2085), because the elevation with the conditions for
melt and the maximum available snow are also increasing with time. It is obvious, that such reductions in snow volume also
imply a decrease in snow duration. Our analysis reveals that the snow duration at 2000 m decreases by 2 weeks in 2035 and
by 112 weeks in 2085. Thus, already in mid of the century at low elevations between 500 und 1000 m asl there will be only a
few days with snow cover left. The generally shorter and thinner future snow cover is equivalent to an elevation shift of ca.
400 min 2035 and ca. 900 m in the last scenario period. These numbers demonstrate that projected snow reduction is highly
dependent on elevation and season. Considering also the lower and upper bounds of the projections reveals that the snow
volume reduction has an uncertainty of about +25%, which implies that Alpine snow may decrease by at least 30 % even
under the most favourable conditions (low temperature increase, high precipitation increase) until the end of the century.

The clear decrease in future snow depth and snow duration as shown above negatively affects the society by decreasing
natural snow reliability for ski resorts and by decreasing the protection offered by the snow cover in high altitude permafrost
areas. Since the snow cover of the two investigated regions finally ends as melt water in three of the major rivers in Central
Europe (Rhineein, Danube and Po) the changing seasonal runoff might heavily impact the water usage downstream (e.g.
hydropower, irrigation, transportation), especially during the projected dryer summer months (Beniston and Stoffel, 2014).
Furthermore, our results clearly demonstrate that at low elevations, where the majority of the population in the Alpine area

lives, a multi-day snow cover will become a rare event after mid of the century. In these heavily populated areas the

14



10

15

vanishing snow cover due to warmer winter temperatures may also have positive side effects on the society because a
decreasing number of frost and snow days are positively correlated with the number of road accidents (Norrman et al., 2000),
airport closures (Hess et al., 2009), traffic interruptions as well as the cost for winter road maintenance (Schmidlin, 1993).

We want to reemphasize 1) that the projections are based on the Delta change approach, which implies that the variability
does not change over time and 2) that the presented results are mostly based on the expected ensemble-mean median estimate
changes and on a climatologically averaged snow cover. The uncertainty analysis demonstrates that the range of uncertainty
in the simulated snow cover decrease is determined by the inter-annual variability and the uncertainties in the climate change
signal of the different RCM projections. Due to the fact that precipitation towards the end of the century is projected to
slightly increase, Fer-al-thesereasons-it is therefore probable, that also in future (then) unusual winters may experience short
periods of abundant snow, which might have worse consequences than today since society probably would be less prepared

for such rare events.

Acknowledgments

The meteorological input data used for the simulation of the reference period was provided by the Swiss Federal Office of
Meteorology and Climatology MeteoSwiss. The snow depth data used for verification purposes was provided by SLF and
MeteoSwiss. The climate change signal data were obtained from the Center for Climate Systems Modeling (C2SM) at ETH
Zirich provided by the CH2011 community. We thank Marcia Phillips for proofreading the manuscript. The study was

partly financed by a special grant of the Swiss Federal Institute for Forest, Snow and Landscape Research WSL.

15



10

15

20

25

30

35

References

Abegg, B., Agrawala, S., Crick, F., and de Montfalcon, A.: Climate change impacts and adaptation in winter tourism, in:
Climate Change in the European Alps, edited by: Agrawala, S., OECD, Paris, 25-60, 2007.

Bartolini, E., Claps, P., and D'Odorico, P.: Interannual variability of winter precipitation in the European Alps: relations with
the North Atlantic Oscillation., Hydrol Earth Syst Sc, 13, 17-25, 2009.

Bavay, M., Lehning, M., Jonas, T., and Lowe, H.: Simulations of future snow cover and discharge in Alpine headwater
catchments, Hydrological Processes, 23, 95-108, 10.1002/hyp.7195, 2009.

Bavay, M., Griinewald, T., and Lehning, M.: Response of snow cover and runoff to climate change in high Alpine
catchments of Eastern Switzerland, Advances in Water Resources, 55, 4-16, 2013.

Bavay, M., and Egger, T.: MeteolO 2.4.2: a preprocessing library for meteorological data, Geosci. Model Dev., 7, 3135-
3151, 10.5194/gmd-7-3135-2014, 2014.

Beniston, M., and Stoffel, M.: Assessing the impacts of climatic change on mountain water resources, Sci Total Environ,
493, 1129-1137, http://dx.doi.org/10.1016/j.scitotenv.2013.11.122, 2014.

Bossard, M., Feranec, J., and Otahel, J.: CORINE land cover technical guide: Addendum 2000, European Environment
Agency, Copenhagen, 2000.

Deser, C., Knutti, R., Solomon, S., and Phillips, A. S.: Communication of the role of natural variability in future North
American climate, Nature Clim. Change, 2, 775-779,
http://www.nature.com/nclimate/journal/v2/n11/abs/nclimate1562.html#supplementary-information, 2012.

Durand, Y., Giraud, G., Laternser, M., Etchevers, P., Merindol, L., and Lesaffre, B.: Reanalysis of 47 Years of Climate in
the French Alps (1958-2005): Climatology and Trends for Snow Cover, Journal of Applied Meteorology and Climatology,
48, 2487-2512, 20009.

Elsasser, H., and Burki, R.: Climate change as a threat to tourism in the Alps, Climate Research, 20, 2002.

Fischer, A. M., Weigel, A. P., Buser, C. M., Knutti, R., Kiinsch, H. R., Liniger, M. A., Schér, C., and Appenzeller, C.:
Climate change projections for Switzerland based on a Bayesian multi-model approach, International Journal of
Climatology, 32, 2348-2371, 10.1002/joc.3396, 2012.

Gobiet, A., Kotlarski, S., Beniston, M., Heinrich, G., Rajczak, J., and Stoffel, M.: 21st century climate change in the
European Alps-A review, Sci Total Environ, 493, 1138-1151, DOI 10.1016/j.scitotenv.2013.07.050, 2014.

Griinewald, T., and Lehning, M.: Are flat-field snow depth measurements representative? A comparison of selected index
sites with areal snow depth measurements at the small catchment scale, Hydrological Processes, 29, 1717-1728,
10.1002/hyp.10295, 2015.

Haberkorn, A., Hoelzle, M., Phillips, M., and Kenner, R.: Snow as a driving factor of rock surface temperatures in steep
rough rock walls, Cold Reg. Sci. Tech., http://dx.doi.org/10.1016/j.coldregions.2015.06.013, 2015.

Haeberli, W., Noetzli, J., Arenson, L., Delaloye, R., Gartner-Roer, I., Gruber, S., Isaksen, K., Kneisel, C., Krautblatter, M.,
and Phillips, M.: Mountain permafrost: development and challenges of a young research field, J. Glaciol., 56, 1043-1058,
10.3189/002214311796406121, 2010.

16


http://dx.doi.org/10.1016/j.scitotenv.2013.11.122
http://www.nature.com/nclimate/journal/v2/n11/abs/nclimate1562.html#supplementary-information
http://dx.doi.org/10.1016/j.coldregions.2015.06.013

10

15

20

25

30

Hess, M., Saska, M., and Schilling, K.: Application of coordinated multi-vehicle formations for snow shoveling on airports,
Intelligent Service Robotics, 2, 205, 10.1007/s11370-009-0048-5, 2009.

Holmes, C. R., Woollings, T., Hawkins, E., and Vries, H. d.: Robust Future Changes in Temperature Variability under
Greenhouse Gas Forcing and the Relationship with Thermal Advection, Journal of Climate, 29, 2221-2236, 10.1175/jcli-d-
14-00735.1, 2016.

Kotlarski, S., Lithi, D., and Schér, C.: The elevation dependency of 21st century European climate change: an RCM
ensemble perspective, International Journal of Climatology, n/a-n/a, 10.1002/joc.4254, 2015.

Laghari, A. N., Vanham, D., and Rauch, W.: To what extent does climate change result in a shift in Alpine hydrology? A
case study in the Austrian Alps, Hydrological Sciences Journal, 57, 103-117, 10.1080/02626667.2011.637040, 2012.

Lehning, M., Voelksch Ingo, I., Gustafsson, D., Nguyen, T. A., Staehli, M., and Zappa, M.: ALPINE3D: A detailed model of
mountain surface processes and its application to snow hydrology, Hydrological Processes, 20, 2111-2128, 2006.

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

Mankin, J., and Diffenbaugh, N.: Influence of temperature and precipitation variability on near-term snow trends, Clim.
Dyn., 45, 1099-1116, 10.1007/s00382-014-2357-4, 2015.

Marke, T., Strasser, U., Hanzer, F., Stotter, J., Wilcke, R. A. I., and Gobiet, A.: Scenarios of Future Snow Conditions in
Styria (Austrian Alps), Journal of Hydrometeorology, 16, 261-277, 10.1175/jhm-d-14-0035.1, 2014.

Marty, C.: Regime shift of snow days in Switzerland, Geophysical Research Letters, 35, Artn L12501
Doi 10.1029/2008g1033998, 2008.

Marty, C., Tilg, A., and Jonas, T.: Recent evidence of large scale receding snow water equivalents in the European Alps,
Journal of Hydrometeorology, 10.1175/JHM-D-16-0188.1, 2017.

Nakicenovic, N., and Swart, R.: Special report on emissions scenarios, Special Report on Emissions Scenarios, Edited by
Nebojsa Nakicenovic and Robert Swart, pp. 612. ISBN 0521804930. Cambridge, UK: Cambridge University Press, July
2000., 1, 2000.

Norrman, J., Eriksson, M., and Lindqgvist, S.: Relationships between road slipperiness, traffic accident risk and winter road
maintenance activity, Climate Research, 15, 185-193, 2000.

Oerlemans, J., Giesen, R. H., and Van Den Broeke, M. R.: Retreating alpine glaciers: Increased melt rates due to
accumulation of dust (Vadret da Morteratsch, Switzerland, J. Glaciol., 55, 729-736, 10.3189/002214309789470969, 2009.

Peters, G. P., Andrew, R. M., Boden, T., Canadell, J. G., Ciais, P., Le Quere, C., Marland, G., Raupach, M. R., and Wilson,
C.: The challenge to keep global warming below 2 [deg]C, Nature Clim. Change, 3, 4-6,
http://www.nature.com/nclimate/journal/v3/n1/abs/nclimate1783.html#supplementary-information, 2013.

Rousselot, M., Durand, Y., Giraud, G., Mérindol, L., Dombrowski-Etchevers, I., Déqué, M., and Castebrunet, H.; Statistical
adaptation of ALADIN RCM outputs over the French Alps — application to future climate and snow cover, The Cryosphere,
6, 785-805, 10.5194/tc-6-785-2012, 2012.

17


http://www.nature.com/nclimate/journal/v3/n1/abs/nclimate1783.html#supplementary-information

10

15

20

25

30

Scherrer, S. C., Appenzeller, C., and Laternser, M.: Trends in Swiss Alpine snow days: The role of local- and large-scale
climate variability, Geophys. Res. Lett., 31, 10.1029/2004GL020255, 2004.

Schlégl, S., Marty, C., Bavay, M., and Lehning, M.: Sensitivity of Alpine3D modeled snow cover to modifications in DEM
resolution, station coverage and meteorological input quantities, Environmental Modelling & Software, 83, 387-396,
http://dx.doi.org/10.1016/j.envsoft.2016.02.017, 2016.

Schmidlin, T. W.: Impacts of Severe Winter Weather during December 1989 in the Lake Erie Snowbelt, Journal of Climate,
6, 759-767, 10.1175/1520-0442(1993)006<0759:ioswwd>2.0.co;2, 1993.

Schmucki, E., Marty, C., Fierz, C., and Lehning, M.: Simulations of 21st century snow response to climate change in
Switzerland from a set of RCMs, International Journal of Climatology, n/a-n/a, 10.1002/joc.4205, 2015a.

Schmucki, E., Marty, C., Lehning, M., Fierz, C., and Weingartner, R.: Impact of climate change in Switzerland on socio-
economic snow indices, In Review: Theoretical and Applied Climatology, 2015b.

Serquet, G., Marty, C., Dulex, J., and Rebetez, M.: Seasonal trends and temperature dependence of the
snowfall/precipitation-day ratio in Switzerland, Geophysical Research Letters, 38, 10.1029/2011GL046976, 2011.

Steger, C., Kotlarski, S., Jonas, T., and Schar, C.: Alpine snow cover in a changing climate: A regional climate model
perspective, Clim. Dyn., 41, 735-754, 2013.

Valt, M., and Cianfarra, P.: Recent snow cover variability in the Italian Alps, Cold Reg. Sci. Tech., 64, 146-157, 2010.

Van der Linden, P., and Mitchell, J., editors: ENSEMBLES: Climate Change and its Impacts: Summary of research and
results from the ENSEMBLES project, Met Office Hadley Centre, FitzRoy Road, Exeter EX1 3PB, UK, 160, 20009.

van Vuuren, D. P., Edmonds, J., Kainuma, M., Riahi, K., Thomson, A., Hibbard, K., Hurtt, G. C., Kram, T., Krey, V.,
Lamarque, J.-F., Masui, T., Meinshausen, M., Nakicenovic, N., Smith, S. J., and Rose, S. K.: The representative
concentration pathways: an overview, Climatic Change, 109, 5-31, 10.1007/s10584-011-0148-z, 2011.

Viviroli, D., Zappa, M., Gurtz, J., and Weingartner, R.: An introduction to the hydrological modelling system PREVAH and
its pre-and post-processing-tools, Environmental Modelling & Software, 24, 1209-1222, 2009.

Wilhelm, C., Wiesinger, T., Briindl, M., and Ammann, W.: The avalanche winter 1999 in Switzerland-an overview,
Proceedings International Snow Science Workshop, Big Sky, Montana, USA, 1-6 October 2000, 2001, 487-494,

Zubler, E. M., Fischer, A. M., Liniger, M. A., Croci-Maspoli, M., Scherrer, S. C., and Appenzeller, C.: Localized climate

change scenarios of mean temperature and precipitation over Switzerland, Climatic Change, 125, 237-252, DOI
10.1007/s10584-014-1144-x, 2014.

18


http://dx.doi.org/10.1016/j.envsoft.2016.02.017

Table 1: Relative decrease of snow depth for different elevation zones and months in the Aare region for 2085 A2 emission
scenario.

Altitude (m) Oct Nov | Dec | Jan Feb Mar | Apr | May | Jun Oct-Jun | DJF

<500 1.00 | 1.00 [ 097 | 093 |094 |0.96 |1.00 |NAN | NAN | 0.97 0.95

500-1000 1.00 |09 |09 |095 |091 |094 |100 |100 |1.00 | 0.96 0.94

1000-1500 09 |08 | 086 |09 |085 |0.89 |097 |100 |1.00 |0.92 0.87

1500-2000 089 | 077 |073 [078 |0.75 |079 |093 |099 |1.00 |0.85 0.75

2000-2500 0.78 | 066 | 0.63 |063 |057 |059 |075 [098 |099 |O0.73 0.61

2500-3000 078 | 0.62 | 052 |047 |040 |037 |044 |082 |099 |0.61 0.46

3000-3500 077 | 061 | 047 | 040 |036 032 |030 056 |094 |0.53 0.41
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Table 2: Number of days with more than 30 cm/50 cm of snow depth at 3000 m asl in the Aare region for the reference period and
the three future scenario periods based on the A2 emission scenario.

Snow days at 3000 m Reference 2035 2060 2085
>30 cm 320 247 213 165
>50 cm 308 220 187 133
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Table 3: Change (%) of snow depth relative to the reference period for the three future time periods based on the A2 emission
scenario in the Aare region.

2035 lower AP upper AP 2060 lower AP upper AP 2085 lower AP upper AP
lower AT -23% +13 % lower AT - 40% -13% lower AT -57% -34%
upper AT -49 % -24% upper AT - 68 % -52% upper AT -84 % -74%
Median ATAP -22% Median ATAP -45% Median ATAP - 66 %
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Figure 1: Elevation of the Aare (left) and the Grisons region (right). Weather stations used for simulations are marked with dots.
The location of the two regions within Switzerland is given by the red inset with the two grey areas.
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Figure 2: Mean January to March temperature (left) and precipitation (right) changes including the uncertainty bars from the
upper and lower values-estimates for the Aare (red) and the Grisons (green) region.
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scenario (dots). FFhessread-ustrates thelnterannualvarobilin lebastos O
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Figure 4: Mean (solid), maximum and minimum (dotted) snow depth for the reference period (black) and the A2 2085 scenario
(blue) in the Aare domain for 6 elevation zones. The elevation zones are 100 m wide, i.e. the 1500 m zone, contains all pixels
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between 1450 and 1550 m. Note, the scale of the y-axis changes with elevation.
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Figure 5: Relative decrease (%) of the snow depth in the Aare region for the three emission scenarios (top, middle, bottom) and the
three different time periods (left to right) dependent on season and elevation. The white colors indicate no data.
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Figure 6: Total volume of snow (Jan-Mar) in the Aare region for the today (solid line) and the end of the century (dotted line). The
shaded areas for the reference period indicates half of the standard deviation (for readability) of the inter-annual variability. The
shaded area of the 2085 scenario period indicates the range between the lowest and highest estimate based on the A2 emission
scenario (Table 3).
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Figure 8: Inter-annual variability of the number of snow days (snow depth at least 5 cm) at three stations (Bern 540 m (left),
Grindelwald 1030 m (center) and Murren 1650 m (right)) in the Aare region. The little square in the box plots represents the mean
value and the whiskers show the 2.5 % and 97.5 % quantile value of the different model simulations.
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Figure 9: Assessment of the elevation dependent natural snow reliability in the Aare region for north (left) and south (right) facing
aspects. Red: Not snow reliable - a minimum snow depth of 30 cm was reached during less than 40 days. Green: Snow reliable - at
least 100 days with more than 30 cm of snow depth were observed. Yellow: The cases in between the green and red definition.
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Electronic Supplement

| Table S1: Meanrelativeerror(RMSE)}Root mean squared error (RSME) calculated for snow depth above 0.01 m for selected
5 stations in the Aare and Grisons catchment during the 13 years of the reference period.

Stat Altitude 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Chur 550m 004 003 003 003 003 003 003 006 003 003 003 0.03 0.03
Bern 550m 0.09 0.04 008 005 006 006 008 008 003 008 008 0.09 0.05
Disentis 1090m 0.18 0.17 0.18 0.18 0.16 0.17 0.18 019 0.17 0.17 018 0.15 0.18
Arosa 1320m 042 041 041 044 042 042 043 047 043 043 044 040 044
Samedan 1750m 031 029 031 031 029 031 032 031 031 030 030 0.26 0.33

Weissfluhjoch 2540 m 098 095 102 1.02 098 103 102 104 105 100 098 1.01 1.03
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Table S2: Mean number of snow days (snow depth at least 5 cm) for the reference and the three future time periods based on the
A2 scenario for 5 stations in the Aare region (above) and the Grisons region (below).

Station Elevation Reference 2035 2060 2085
Bern 542 m 40 13

Interlaken 568 m 41 14

Grindelwald 1034 m 101 72 37 14
Adelboden 1350 m 139 107 75 35
Mrren 1650 m 173 148 116 77
Chur 593 m 39 14 5 0
Disentis 1130 m 98 68 40 18
Davos 1560m 157 123 86 49
Samedan 1721m 165 139 101 61
Weissfluhjoch 2690 m 254 228 197 163
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5 Figure S1: Measured (black) and simulated snow depth (grey) for Bern (542 m), Disentis (1190 m) and Weissfluhjoch (2540 m).
Note, the scale of the y-axis is different for each station.
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Figure S2: Distribution of the annual relative decreases of the snow depth for A2, A1B and RCP3PD and the three different future
5| time periods (2020-49, 2045-74, 2070-99) for Aare (lefttop) and Grisons (rightbottom) based on the inter-annual variability of the
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reference period. The value X corresponds to the spatial and temporal mean relative decrease in [%], which is visualized in
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Figure 3. The value d defines the difference between the highest and the lowest relative decrease within the scenario period. The
number of the simulated years is N=13.
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Figure S3: Relative decrease for February 1 snow depth of the last time period (2085) and the A1B scenario for the Aare region
(left) and the Grisons region (right).
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Figure S6: Elevation dependence of absolute snow depth {upper—panels)-for five possible T-P combinations (left) and decrease
relative to the mean T, mean P configuration (rightleft panels)-in-the-upper—panels. Elevation dependence of the relative snow
depth difference (%) for four different combinations T-P (lewer-right panels). ”T high” means the difference of the upper T -
lower T at the upper P configuration. ”P low” means the difference of the upper P - lower P at the lower T configuration. This is
shown for 2035 (lefttop), 2060 (eentermiddle) and 2085 (rightbottom) based on the A2 emission scenario in the Aare region.
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