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ARTICLE INFO ABSTRACT

Keywords: Climate change threatens winter tourism in the Alps severely, and ski resorts are struggling to cope under un-
Decision making under deep uncertainty certain climate change. We aim to identify under what conditions physical and economic tipping points for ski
(DMDU)

resorts may occur under changing climate in six Swiss ski resorts representing low, medium, and high elevation
in the Alps. We use exploratory modeling (EMA) to assess climate change impacts on ski resorts under a range of
Tipping points futures adaptation options: (1) snowmaking and (2) diversifying the ski resorts’ activities throughout the year.
Scenario discovery High-resolution climate projections (CH2018) were used to represent climate uncertainty. To improve the
Dynamic adaptive policy pathways (DAPP) coverage of the uncertainty space and account for the climate models’ intra-annual variability, we produced new
climate realizations using resampling techniques. We demonstrate the importance of five factors, namely climate
scenarios (RCPs), intra-annual climate variability, snow processes model, and two adaptation options, in ski
resorts survival under a wide range of future scenarios. In six ski resorts, strong but highly variable decreases in
the future number of days with good snow conditions for skiing (GSD) are projected. However, despite the
different characteristics of the resorts, responses are similar and a shrunk of up to 31, 50, and 62 days in skiing
season (Dec-April) is projected for the near-future (2020-2050), mid-future (2050-2080), and far-future
(2070-2100), respectively. Similarly, in all cases, the number of days with good conditions for snowmaking
(GDSM) will reduce up to 30, 50, and 74 days in the skiing season in the near-, mid-, and far-future horizons,
respectively. We indicate that all ski resorts will face a reduction of up to 13%, 33%, and 51% of their reference
period (1981-2010) revenue from winter skiing activities in the near-, mid-, and far-future horizons. Based on
the outcomes of the EMA, we identify Dynamic Adaptive Policy Pathways (DAPP) and determine the adaptation
options that ski resorts could implement to avoid tipping points in the future. We highlight the advantages of
adaptive planning in a first of its kind application of DMDU techniques to winter tourism. We specify the possible
adaptation options ranging from "low revenue diversification and moderate snowmaking" to "high revenue
diversification and large snowmaking" and demonstrate when an adaptation action fails and a change to a new
plan is needed. By the end of the century, we show that only ski resorts with ski lines above 1800-2000 m
elevation will survive regardless of the climate scenarios. Our approach to decision-making is highly flexible and
can easily be extended to other ski resorts and account for additional adaptation options.

Winter tourism
Climate change

1. Introduction threshold which a system abruptly switches to a fundamentally different
state (Ashwin et al., 2012; Lenton et al., 2008). It is well established that

The collapse of winter sport tourism due to climate change has been climate change threatens the survival of ski resorts and the well-being of
recently identified as a socio-economic tipping point, alongside farm- many mountain communities, depending on income from snow sports
land abandonment and sea-level rise induced migration (van Ginkel (Debarbieux et al., 2014). Therefore, it is common practice for govern-
et al., 2020). In this context, the term "tipping point" refers to a critical ments to provide subsidies to alleviate the economic loss in winter
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tourism due to climate change (Steiger et al., 2020).

Winter tourism relies on favorable atmospheric conditions such as
temperature, precipitation, and snow cover and is therefore sensitive to
changes in the climate (Hartl et al., 2018). The impact of climate change
on the viability of ski resorts has been widely addressed in the literature
(e.g., Abegg et al., 2007; Collins et al., 2013; Marty et al., 2017; Spandre
et al.,, 2019a, 2019b; Steiger et al., 2019). Warmer winters, melting
glaciers, changing precipitation patterns, reduced snowfall, and shorter
snow seasons are some of the clearest features of climate change (e.g.,
Beniston et al., 2018; Hock et al., 2019a, 2019b). Ski resorts are already
suffering from a lack of natural snow coverage (Hendrikx and Hreinsson,
2012; Hoogendoorn et al., 2020; Lievens et al., 2019; Matiu et al., 2020;
Piitz et al., 2011; Rixen et al., 2011; Schoner et al., 2019; Spandre et al.,
2016, 2019a; Wobus et al., 2017). For the Northern Hemisphere, Collins
et al. (2013) projected a snow cover decrease of 7% and 25% under
RCP2.6 and RCP8.5, respectively, for the 2080 s compared with the
reference period of 1986-2005. European Alps ski resorts are at the
frontlines of the challenges brought by climate change. From
1960-2017, the Alpine snow season has shortened by 38 days, starting
an average of 12 days later and ending 26 days earlier (Kluger, 2020).
Ski resorts in the Alpine region could lose as much as 70% of their snow
cover by 2100 as temperature rises (Marty et al., 2017). By analyzing
snow reliability of 175 ski resorts in France (Alps and Pyrenees), Spain,
and Andorra under past and future conditions using the snowpack model
(Spandre et al., 2016) and climate projections from the EURO-CORDEX
dataset (Verfaillie et al., 2018, 2017), Spandre et al. (2019a, 2019b)
projected no snow-reliable ski resorts would exist in the French Alps and
the Pyrenees at the end of the century (2080-2100).

Economically, winter tourism has become crucial for Alpine tourism
by contributing at least two-thirds of annual revenue in many regions in
Austria and Switzerland (AlpNet, 2016). European Alps comprise 35% of
the world’s ski resorts and serve an estimated 120 million tourists each
year across eight countries (Vanat Laurent et al., 2020). Ski resorts in the
Alps are already struggling. In December 2019, for the first time, a ski
resort in the French Alpine town of Montclair failed to amass enough
snow through natural means or artificial snow machines to cover its
pistes (Euronews, 2020). Instead, it had to use a helicopter, at a high
cost, to bring down snow from higher elevations. Similarly, in February
2020, the French resort Luchon-Superbagneres used a helicopter to shift
50 tons of snow from its upper regions to cover bared slopes due to a
mild winter (Ruitenberg, 2020). Repeated mild winters and poor snow
coverage conditions might simply push resorts and mountain commu-
nities in the Alps to reach tipping points that winter tourism is not viable
anymore.

To secure their survival, operators of ski resorts and winter tourism
destinations would need to make decisions in the short term about how
to adapt over a long time. van Ginkel et al. (2020) argue that the tipping
point for ski resorts is mainly related to their financial viability and the
ability to make a successful profit in several consecutive years. If there is
a reduced number of good snow years, this reduces the profitability of
the resorts, and in the longer term, a decision might be made to cease
operation or partially shut down. Decision-makers need to consider
appropriate adaptation measures to keep resorts functioning and to
avoid reaching tipping points, situations that are not reversible and
could lead to a complete shutdown of ski resorts.

While most global climate models (GCMs) have robust agreement on
temperature increase, there is less agreement on how precipitation
quantitatively will change in the future, especially in high-elevation
areas (Beniston et al., 2018). Furthermore, deep uncertainties exist on
the effectiveness of response options over time (Walker et al., 2013).
Dealing with uncertainty has become unavoidable in many planning
problems and even more so because of climate change (Dessai et al.,
2009; Lempert, 2003) and is often referred to as decision-making under
deep uncertainty (DMDU) (Marchau et al., 2019). The essence of a
DMDU is using a bottom-up, decision-oriented approach in problems
that decision-makers are confronting with many possible sources of
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uncertainty. A core concept is robust decision making (RDM) which
involves that models and data should be used in an exploratory rather
than a projective way (Groves and Lempert, 2007; Lempert et al., 2006).
Exploratory modeling is a well-established computational research
method, which uses numerous experiments to analyze uncertain and
complex system behaviors. The objective of exploratory modeling is to
execute many instances of the model to seek the consequences of un-
certainties for decision making by evaluating which parameter-scenario
sets lead to unfavorable outcomes (Bankes et al., 2013; Kwakkel and
Pruyt, 2013). Across the DMDU landscape, adaptive planning and dy-
namic adaptive policy pathways (DAPP) have emerged to guide robust
decisions through plans that are adapted over time in response to how
the future unfolds in the real world. DAPP devise policies that are not
optimal to the best-estimated future but relatively robust across a range
of plausible future outcomes (Hamarat et al., 2013; Kwakkel et al., 2010;
Walker et al., 2001). DAPP has been conceptualized as made of several
short and long-term actions where new and/or additional actions may
replace actions that have failed (i.e., reached a tipping point) (Haasnoot
et al., 2013; Kwakkel et al., 2010, 2015; Wilby and Dessai, 2010).

This study uses an exploratory modeling approach to (i) to project
the impacts of climate change on good days for skiing, good days for
snowmaking, and financial status of ski resorts in the Swiss Alps (ii)
identify tipping points of ski resorts in the Swiss Alps, to (iii) uncover the
combinations of socio-economic and biophysical conditions leading to
tipping point occurrence, and to (iv) design adaptation policies enabling
the survival of ski resorts. By exploring many possible futures, rather
than a prior selection of one scenario, we implement a bottom-up
approach to investigate the survival of the ski resort under different
climatic and socio-economic conditions. To our knowledge, this is the
first DMDU-application to the tourism sector. This paper is structured as
follows. Section 2 introduces the case studies: six representative ski re-
sorts in the Swiss Alps; the DMDU-framework; the model; and the input
data. Section 3.1 examines the impacts of climate change on the number
of good days for snowmaking and skiing and the financial status of ski
resorts. Sections 3.2 and 3.3 present the results of feature scoring and
scenario discovery techniques of exploratory modeling. Section 3.4 il-
lustrates the adaptive policy pathways to prevent tipping points. Section
4 discusses the decision-relevance of the study and its limitation, fol-
lowed by conclusions in Section 5.

2. Data and method
2.1. Study areas

A total of six ski resorts in the Swiss Alps have been selected to
represent a breadth of factors, including elevation, size, facilities, and
the number of annual visitors (Fig. 1) (details are provided in the sup-
plementary material (SM, Section A.1)).

2.2. DMDU framework for Swiss Ski Resorts

We use a variety of exploratory modeling techniques (see SM, Sec-
tion A: Data and Method) to gain insight into the impacts of climate
change in ski resorts. The exploratory approach searches a wide range of
possible future scenarios (objective i). ’Scenario discovery’ (Bryant
and Lempert, 2010) identifies the combination of uncertainties and
policies with a large probability of tipping points (objective ii).
’Feature scoring’ (Guyon and Elisseeff, 2003) illuminate the un-
certainties (X) and policies (L) that have the most considerable impact
on the number of good snow days (objective iii). Dynamic adaptive
policy pathways (DAPP) (Haasnoot et al., 2013) show which adapta-
tion actions should be taken to avoid future tipping points (objective
iv). We use the XLRM framework, M = R (X, L) (Lempert, 2003), to
structure the decision problem and introduce the case. Our decision
problem is that ski resorts operators have to decide on the appropriate
adaptation options to avoid the tipping points in an uncertain future.
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A Ski resorts skiResorts Altitude Elevation Winter Summer Pistes
Bands Season Season (km)
Elevation (m)
iah * Sattel Hochstuckli 12.12.2020 - 10.04.2020 to
por High : 4784
- Central Switzerland 800-1600 1 19.03.2021 01.11.2020
D Low s 181
Atzmaennig 10.12.2020 - 13.04.2019 to
Eastern Switzerland S i 20.03.2021 20.10.2019
Hoch-Ybrig 12.12.2020 - 04.07.2020 -
Central Switzerland A00:3820 1 19.03.2021 18.10.2020 =
Champex~-Lac 14842194 1 12.12.2020 13.06.2020 - 15
Valais -26.03.2021 14.09.2020
LesDiablerets 19.12.2020 - 04.05.2020 -
Vaud 1200-3200 4 11.04.2021 18.10.2020 8
DavosJalEobshorn 1540-2590 3 04.12.2020 - 27.06.2020 - 55
Graublinden 18.04.2021 18.10.2020

Fig. 1. Alpine topography in Switzerland and location of the ski resorts.
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Fig. 2. A schematic framework of XLRM and deep uncertain variables, levers, metrics in ski resorts. X1-X7: 200 options, L1: 5 options, and L2: 9 options.
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Our framework defines the resorts’ performance metrics (M), the un-
certainties (called eXternalities, X), and possible policy actions (called
Levers, L); see Fig. 2 and Table 1 for details.

The first performance metric (M1) is the 'number of days with suit-
able conditions for snowmaking’ (GDSM). The second metric (M2)
compares the *seasonal number of suitable snow days for skiing’ to a
critical threshold for making a profit (GSD). M2 is derived from the *100-
day rule: a prominent snow indicator for the ski tourism industry (Abegg
et al., 2020; Biirki R, 2000), defined as "A ski resort can be considered
snow-reliable if, in 7 out of 10 winters, sufficient snow covering of at
least 30-50 cm is available for skiing on at least 100 days between
December 1 and April 15" (Biirki R, 2000).

The ski resorts’ financial situations depend not only on the full skiing
season performance but also on sufficient snow during critical periods
such as Christmas, New Year, and school holidays (Abegg, 2012; Elsasser
and Biirki, 2002). Ski operators can cope with a limited number of days
with snow cover below the 30 cm threshold during the peak time.
Therefore, the 100-day rule needs adjustment before it can be consid-
ered a robust tipping point indicator. A proper solution is to assume that
the Christmas, New Year, and winter holidays rules are fulfilled if the
mean snow depth is larger than 30 cm during the given periods (Abegg
and Steiger, 2016).

The third metric (M3) is the tipping point at ski resorts. We define
our socio-economic tipping point using a fuzzy 100-day rule. We
consider a ski resort to be snow-reliable, if in 7 out of 10 winters, suf-
ficient snow covering of at least 30 cm is available for skiing on at least N
days (e.g., 60 <N < 100) between December 1 and April 15, considering
the Christmas and New Year Holidays. We implement the Christmas and
New year holiday rules by allowing the snow cover to be above 30 cm
not for each day but on average based on literature recommendations
(Abegg and Steiger, 2016). Snow reliability is considered here as an
indicator for a socio-economic tipping point. We acknowledge that in
the past, ski resorts may have tipped when snow reliability could not be

Table 1
XLRM framework deeply uncertain parameters, policies, metric.

Name Description Range (units)

X1 = Ablation_1 +[10,45] (%) of
initial value
[900,1200]

W m?)

Uncertainty due to parameter melt
factor (FM) in the ablation

Uncertainty due to solar radiation
impact on the ice-melt (iPot) in the
ablation

Uncertainty due to freezing water

contribution to the accumulation

X2 = Ablation_2

X3 = Accumulation [20,60] (%)

X4 = Art_Snow Temperature threshold for [-2, —1]°C
artificial snowmaking

X5 = Climate_Random  Uncertainty due to the intra-annual [1,2,3]
variability of climate models 1: CH2018

2: first new climate
realization using
bootstrap

3: second new
climate realization
using bootstrap
RCP2.6, RCP 4.5,
RCP 8.5

if RCP2.6: [1,12]
if RCP4.5: [13,37]
if RCP8.5: [38,68]
[60,100] days

X6 = RCPs Uncertainty due to RCPs

X7 = GCMs_RCMs Uncertainty due to the selection of
GCM-RCM chain (68 scenarios)

L1 = Good_Snow Minimum accepted skiing season
length for decision-makers
Minimum daily snow depth:
(300 mm —
‘L_Snow_Threshold’mm)

0-100 mm artificial snowmaking

L2 = Snow_Threshold [200,300] mm

M1 = GDSM Seasonal number of days with good ~ (days)
conditions for snowmaking
M2 = GSD Seasonal number of days with good ~ (days)

conditions for skiing

M3 = tipping tipping points (frequency)
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guaranteed based on our fuzzy 100 day rule. However, each ski resort’s
financial bottom-line benefits from subsidies, shares, and other financial
instruments, which cannot be explicitly accounted for here. We use the
fuzzy 100-day rule as a first-order indicator that can illuminate potential
critical thresholds. Therefore, we only calculate the difference between
projected and historical tipping points throughout the ski resorts and
interpret the differences to the baseline, which is also a standard practice
in analyzing climate model impact results (e.g., Rosa et al., 2020).

The model relations, R, cover a snow process model with a highly
stylized economic component that simulates daily snow cover depth and
the number of days with good snow conditions per skiing season, see
Section 2.3. X represents the external or exogenous factors, in other
words: the uncertainties that are outside the control of decision-makers,
e.g., climate change uncertainties. We include the uncertainty about: the
future greenhouse gas emissions (X6 = climate scenario, RCPs); how
RCPs affect the regional climate (X7 = climate models, GCMs/RCMs);
and how this climate unfolds in intra-annual temperature and precipi-
tation variability (X5 = climate randomness). Besides the climate un-
certainty, there is uncertainty in developing the snow cover model even
if the climate is known. The snow model uncertainty is reflected by three
snow model parameters (X1 and X2 = uncertainty in ablation module,
melting factor, X3 = uncertainty in accumulation module due to the
contribution of freezing water to the accumulation). Finally, the tem-
perature at which artificial snow can be made is uncertain (X4) due to
the wide possible combination of temperature and relative humidity.

The levers (L) reflect the adaptation actions a ski resort can take. The
first lever (L1) alters the required number of good ski days, i.e., the
minimum accepted ski season length or the 100-day threshold. A resort
may survive a shorter winter sports season by economic diversification
of their year-round activities. Some winter sports facilities may be used
during summers, such as ski lifts for transporting mountain bikes and
tourists. whereas other activities (e.g., mountain coasters and alpine
slides, indoor climbing walls) may share hotels and restaurants
(Hagenstad et al., 2018; Hock et al., 2019). The second lever (L2) is
artificial snowmaking (Spandre et al., 2019b), where a lack of natural
snow depth is compensated by topping up artificial snow. We assume
artificial snowmaking between 0 and 100 mm per skiing season for the
second adaptation option to reach a minimum of 30 cm d! snow depth.

In industry, the wet-bulb temperature index is widely used to decide
either a day is suitable for snowmaking or not. Wet-bulb temperature is
directly related to relative humidity and outside temperature (e.g., Hartl
et al., 2018). Both the industry reports and academic publications
inform these reference values of temperature and humidity for snow-
making. Snowmaking is possible when the wet-bulb temperature is
equal to or below —2 °C (e.g., Olefs et al., 2010). Therefore, a wide
combination of temperature and humidity makes it possible to make
artificial snow. In this study, we limit our choices to reduce the uncer-
tainty space. We only consider the situation where —2 °C < temperature
<—1°C. The 2°C to —1 °C range is the very sensitive set to relative
humidity. Thus a slight change in the temperature could change the
outcomes and metrics of the XLRM framework.

After defining the elements of XLRM, we set up the scenarios, pol-
icies, and experiments of the framework as follows. A scenario is a
unique parameter setting for all external factors (X1-X7). We generate
200 scenarios (68 scenarios from CH2018 plus 132 new future climate
realization using the bootstrap method (Chernick et al., 2011). A policy
is a unique parameter setting for all policy levers (L1-L2). We generate
45 policies (5 alternatives for minimum accepted skiing season (L1) x 9
alternatives for snowmaking (L2)). Detailed information on all param-
eters and their ranges are summarized in Table 1. The combination of a
scenario and policy is called an experiment. We execute a total of 9000
experiments (200 scenarios x 45 policies) per ski resort. The
open-source Python library Exploratory Modeling and Analysis Work-
bench (ema-workbench) is used to coordinate the model simulations and
to visualize results (Kwakkel, 2017), see *code and data availability).
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2.3. Snow process model, climate scenarios, and economic model

We use a physically-based snow-process model to simulate (past and
future) natural snow cover per ski resort on a daily time step. This mass
balance model accounts for site-specific topographic features, including
elevation, slope angle, and climatic characteristics, to project natural
snow. The model consists of an "Accumulation" module after (Farinotti
etal., 2012) and an "Ablation" module after (Hock, 1999). Readers could
refer to the SM, section A.4 for more details about our snow process
model. For the snow process model, we recognize three sources of un-
certainty, with ranges and base values as outlined in Fig. 2, based on the
most commonly used settings in the literature (Farinotti et al., 2010;
Huss et al., 2008). To assess the goodness of fit of snow process model
results with observed data, we compared the satellite snow cover data
obtained from satellite images for a reference period (1981-2010) (Hall
and Riggs, 2015) with the respective simulated values using the SUFI-2
algorithm (Abbaspour et al., 2004, 2015). As for performance indicators,
we used the coefficient of determination (R%). The results of the snow
process calibration are summarized in Table S3. in the SM, section A.7.

Future climate uncertainty is derived from the CH2018 (CH2018,
2018) Switzerland’s future projections (Jacob et al., 2014). The CH2018
scenarios consist of 68 EURO-CORDEX simulations (12, 25, and 31
simulations for greenhouse gas scenarios RCP2.6, RCP4.5, and RCP8.5,
respectively) (Riahi et al., 2011; Thomson et al., 2011; van Vuuren et al.,
2011). We aggregate the nearest climate stations close to the center of
the slope of ski resorts where possible or the center of each elevation
band and provide a temperature and precipitation representative for
that elevation band. We implement a bootstrap resampling technique
(Dixon, 2001) and produce new climate realizations to improve the
coverage of the uncertainty space and account for the intra-annual
variability of the climate models. Resampling is performed over the
GCMs-RCMs of each RCPs on an annual basis.

We quantify the changes in the financial status of ski resorts through
a simplified economic model that calculates daily income based on and
daily revenue and cost at the ski resorts.

Income, = Revenue, — Cost, (€8]
Where Income, is ski resorts’ total earnings or profit per day, Revenue; is
the total amount of income per day generated by ski resorts as the sale of
goods or services, and Cost; is the total amount of daily cost due to
infrastructure, maintenance, staff, etc. If the snow depth during the
skiing season is above the minimum daily threshold (200-300 mm,
considering adaptation options), the ski resorts will earn a maximum
possible revenue. We could assume hypothetical values for daily cost
and revenue since we calculate the economic balance of future scenarios

relative to the reference period. The daily cost is considered constant
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during the skiing season. This assumption is naive since the operational
costs at the beginning of the season are typically higher due to snow-
making and reopening costs.

3. Results

We first present future projections of changes in the number of days
with good snow conditions (GSD) (Figs. 3 and S1), the number of days
with suitable conditions for snowmaking (GDSM) (Fig. S2), and the
relative changes in the financial status of the resorts (Fig. S3) for the
time horizons we call near-future (2020-2050), mid-future
(2050-2080), and far-future (2070-2100). Second, we identify the
most relevant features to include in a decision-making model for ski
resorts (Figs. 4 and S4), and we present our scenario discovery assess-
ment results that demonstrate the sensitivity of the outcome metrics
(M1-M3) to the input parameters (X1-X7 and L1-L2) (Figs. 5 and
S§5-S14). Third, we show under which adaptation options the ski resorts
do not confront more tipping points in the future than the reference
period (Fig. 6). Finally, we demonstrate possible adaptation options
ranging from "low revenue diversification and moderate snowmaking"
to "high revenue diversification and large snowmaking" and indicate
when an adaptation action fails and a change to a new plan is needed
(Fig. 7).

Ski resorts located in medium-high elevation mountains
(1200-3200 m) include Les Diablerets and Davos Jakobshorn and have a
wide range of variations in elevation; thus, to analyze more precisely, we
divided the resorts into four and three elevation bands, respectively. Due
to space constraints, we could not present all results in the main sub-
mission. We briefly discuss selected results here for completeness, and
for the rest, we refer to SM (see SM, section B to find complementary
details).

3.1. Projection of changes in GSD, GDSM, and financial status

The long-term projection of GSD, GDSM, and financial status gives
decision-makers a big picture of the trend, seasonality, and noises of
outcomes of the XLRM framework. Table 2 presents the declines in GSD,
GDSM, and financial status of the resorts compared to the reference
period. Generally, the lowest declines in GSD, GDSM, and financial
status occurred under RCP2.6, followed by RCP4.5, and the highest
decreases are seen under RCP8.5. In Davos-Jakaobhorn and Les Dia-
blerets with different elevation bands, a higher magnitude of change is
projected for the lower bands.

The inter-annual fluctuation of the GSD is high in all types of ski
resorts (Fig. 3), and a sharp decreasing trend is seen after 2050 under the
RCP 8.5 scenarios in all types of ski resorts. Low- and mid-altitude ski

case5_Les Diablerets, elv_b 1340m, RCP2.6

case3 Hoch-Ybrig (1050-1820m), RCP2.6

200

case6_Davos Jakobhorn, elv_b 2250m, RCP2.6

0
1980 2100

0
2100 1980

RCP 8.5

2100

Days with Good Snow Condition
Days with Good Snow Condition

Days with Good Snow Condition

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Years

1980

g &
1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

0
1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Fig. 3. Annual evolution of the number of days with good snow conditions (GSD) in three types of ski resorts. (A) low-altitude, represented by Les Diablerets
(1340 m), (B) mid-altitude, represented by Hoch-Ybrigh, (C) high-altitude, represented by Davos Jakobhorn (2250 m).
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(B) Caseb Les Diablerets 1340 m
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Fig. 4. Feature scoring analysis of ski resorts, showing the relative importance of the choice of measures and uncertainties (y-axis) for the outcomes (x-axis). Higher
numbers indicate higher importance. Results correspond to three types of ski resorts. (A) low-altitude, represented by Les Diablerets (1340 m), (B) mid-altitude,
represented by Hoch-Ybrigh, (C) high-altitude, represented by Davos Jakobhorn (2250 m).

resorts will face a situation with limited years of GSD >75 days. The
green shadow in Fig. 3 shows the uncertainty band in the projection of
the GSD. The uncertainty arises due to the various input parameters of
9000 experiments. The area below the GSD = 60 line shows the exper-
iments where even the maximum diversifying options cannot ensure the
minimum 60 days length of skiing seasons. Those years with a large
portion of the experiments below the GSD = 60 line should be consid-
ered the high-risk years for operators. We demonstrate a representative
for each low-, mid-, and high-altitude ski resort (see SM section B.2 for
more details). Under RCP2.6 and in low- (Fig. 3A) and mid-altitude
(Fig. 3B) ski resorts, the median of experiments (black line) is above
the GSD = 60 line in many years, showing that ski resorts could safely
diversify the revenue and still have the minimum 60 days of the skiing
season. However, a few troughs, distinguished by black boxes in the
figures, present that there are consecutive years where GSD drops below
60 in more than 50% of possible future scenarios.

In Les Diablerets elevation band 1340 m (Fig. 3A), a representative
for low-altitude ski resorts, where GSD and GSDM are low even in the
baseline period (74 and 77 days, respectively), we see significant de-
clines in GSD and GDSM in the future. The co-occurrence of less GSD and
GDSM (up to 17, 34, and 50 days decrease in GSD and 22, 49, and 71
days decline for GDSM for near-, mid-, and far-future) make a severe
situation where the ski resorts’ survival is not possible anymore. Many
troughs (black boxes) in GSD and GDSM plots support the above
interpretation.

In Hoch-Ybrigh, a representative for mid-altitude ski resorts, we
project that GSD will decrease to 76 days in the near-future, 62 days in
the mid-future, and 53 days in the far-future (Table 2, Fig. 3B). Simi-
larly, GDSM will decrease to 75 days for the near-future, 61 days for the
mid-future, and 45 days for the far-future (Table 2, Fig. S2-C). Relative
to the resort’s income during the reference period, Hoch-Ybrigh could
face 10%, 18%, and 38% losses in revenue in the near-, mid-, and far-
future, respectively (Fig. S3-C).

In Davos-Jakaobhorn elevation band 2250 m (Fig. 3C), a represen-
tative for high-altitude ski resorts, we project a decline of a maximum of
nine days in the future that shows 92-99 GSD for RCP 8.5 and RCP2.6.
For the GDSM, the slight decrease of up to 11 days is projected, where
the baseline GDSM is 145 days. The results show that although the
elevation band of 2250 m is hit by climate change, however, the
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condition remains suitable for skiing and snowmaking. We aggregate the
financial status of all elevation bands of Davos-Jakaobhorn to a single
indicator which shows up to 5%, 17%, and 31% of declines relative to
the baseline condition.

3.2. Sensitivity to input parameters

To evaluate the sensitivity of the outcomes to the input parameters,
we use feature scoring to rank the effect of exogenous factors (X) and
policy levers (L) on the outcome metrics (M) (Fig. 3, and SM 4). With a
high consistency between the low- and mid-altitude ski resorts, results
show that the main drivers of the average of seasonal good snow days
metric (S_Ave_GoodDay) are RCPs, followed by uncertainty of snow
process model in the calculation of accumulation and L, Snow_threshold.
However, in the high-altitude ski resorts, the dominant driver is intra-
annual climate variability followed by L_Snow_threshold. In all three
types of ski resorts, the average of seasonal good snow days for snow-
making metric, S_Ave_ArtSnow, is mainly controlled by RCPs followed
by temperature threshold for artificial snowmaking x_Art_snow. For
tipping points metrics, the main two drivers of outcome are the length of
skiing season (L_Good_Snow) and RCPs, while the third driver varies
between low-, mid-, and high-altitude resorts. Some key findings are
summarized here:

— Global warming level, which RCPs translate, plays a significant role
in determining all outcome metrics.

— The uncertainty in calculating ablation in the snow process model
seems less significant than the uncertainty of Climate models, RCPs,
and climate intra-model variability.

— Metrics in the low- and mid-altitude ski resorts react similarly to
changes in input parameters. In contrast, in high-altitude resorts, the
role of intra-annual climate variability is more highlighted.

— The sensitivity of outcomes depends on the metric at which we look.

— Tipping points are influenced by artificial snowmaking, skiing season
length, diversification of revenue, and RCPs. However, diversifica-
tion of revenue only affects tipping points and no other metrics.
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Table 2

Future projection of declines in the number of days with good snow conditions (GSD), the number of days with suitable conditions for snowmaking (GDSM), and the
financial balance of the resorts for near-future (2020-2050), mid-future (2050-2080), and far-future (2070-2100) relative to the reference period (1981-2010).

Ref GSD (day) GDSM (day) Financial balance (%)
GSD, 2020-2050 2050-2080 2070-2100 2020-2050 2050-2080 2070-2100 2020-2050 2050-2080 2070-2100
GDSM
Sattel 800-1600 m 94, 14 30 42 15 36 48 9.5 14 29
95 (11-17) (25-34) (34-50) (19-22) (22-49) (25-71) (6-13) (10-28) (14-44)
Atzmaennig 840-1200 m 90, 19 27 36 20 33 40 9 17 28
66 (15-23) (19-35) (24-48) (11-28) (16-50) (20-60) (7-11) (11-24) (15-41)
Hoch Ybrig 1050-1820 m 90, 15 28 37 16 31 45 10 18 28
91 (10-20) (19-36) (22-52) (9-22) (15-46) (21-71) (6-15) (9-26) (13-42)
Champex 1480-2200 m 96 10 21 34 21 34 51 8 20 35
94 (8-12) (18-25) (19-50) (17-25) (19-49) (24-79) (5-11) (10-30) (18-52)
Les Diablerets 1340 74, 16 29 40 25 41 56 9 22 32
77 (10-21) (18-41) (22-58) (20-30) (29-54) (27-65) (5-13) (10-33) (14-51)
1800 95, 12 23 34 3 17 34
96 (9-15) (10-36) (18-50) 2-4) (2-33) (8-60)
2000 98, 15 26 37 2 2 22
97 (12-18) (13-39) (21-53) (0-4) (0-4) (6-50)
2500 154, 25 39 57 11 24 32
158 (20-31) (28-50) (51-62) (10-13) (13-35) (20-45)
Davos 1560 96, 6 15 28 13 15 22 4 11 20
Jakobhorn 97 (4-8) (0-29) (10-46) (11-15) (1-29) (12-32) (3-5) (5-17) (9-31)
2000 97, 3 3 12 15 29 37
127 (0-6) (0-6) (7-17) (11-19) (26-31) (35-39)
2250 101, 2 2 9 15 33 43
147 (0-4) 0-4) (7-11) (12-18) (16-50) (28-57)
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3.3. Finding tipping point scenarios

Scenario discovery results determine scenarios and policies under
which ski resorts’ DMDU outcomes go below a critical threshold speci-
fied by decision-makers. To demonstrate the performance of scenario
discovery and to show how decision-makers can benefit from that, we
present the results for GSD <60 days for Hoch-Ybrigh (Fig. 5). We
choose 60 days threshold for GSD since there is no defined option for
diversifying winter tourism activities below this number, and one can
interpret it as a minimum accepted length of the skiing season. The axes
in Fig. 5 represent key driving forces in Hoch-Ybrigh ski resort that
define the scenario representing unacceptably low GSD for the 200 x 45
experiments.

The figure shows the model parameters that distinguish the simula-
tions where the GSD is less than 60 days (Fig. 5A). The length of each
blue line represents the subset of the corresponding parameter’s un-
certainty range leading to these low good snow days scenarios (Fig. 5B).
The smaller the subset, the better the parameter can be distinguished.
The numbers at the two ends of the grey lines are the lower and upper
boundaries of the entire uncertainty range of a parameter, whereas the
numbers in blue at the end of the blue lines refer to the identified subset
boundary (box limits).

The scenario discovery results suggest that in future scenarios where
four conditions hold, the experiments are likely to produce GSD <60
days, irrespective of the value of the other five uncertain parameters in
the model (Fig. 5A, B) (see SM, Figs. S5-S14 for other resorts). The
conditions follow as (1) RCP 8.5, (2) minimum accepted daily snow
depth exceeds 260 mm, (3) the contribution of freezing water in the
accumulation module drops below 55% of total accumulation, and (4)
temperature where snowmaking could start drops below —1.1 °C.

3.4. An application of DAPP to the future management of ski resorts

Using 9000 experiments, we determine which adaptation options
should be implemented under different RCPs (when the future unfolds)
to avoid having a worse situation than the reference period. Suppose the
ski resorts’ operators chose the presented adaptation options in Table 3.
We could argue that in the 75% of possible futures (75% confidence

Table 3
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level), ski resorts would have an equal or less frequency of tipping points
than the reference period in future scenarios. Therefore they can survive
with similar business models and governmental supports that they have
had in the historical period. Our results could be used for decision-
making at various 95%, 75%, 50%, 25%, and 5% confidence levels
(Fig. 6 for only Hoch-Ybrig, but the same approach can be applied to
other resorts).

For Hoch-Ybrigh under RCP2.6 scenarios, in the near- and mid-
future, a 90-day skiing season should be anticipated, while in the far-
future, a 60-day skiing season is expected only with 100 mm artificial
snowmaking (Table 3, Fig. 6A). Comparison of 45 different adaptation
options in 200 plausible future scenarios (split equally between three
RCPs) at Hoch-Ybrigh reveals that under RCP2.6, there are 26 out of 45
adaptation options that keep the resort operational at 95% of confidence
in the near-future. In contrast, only 10 and 5 options can be used safely
for the mid- and far-future (Fig. 6A).

Similarly, we could interpret other confidence levels (e.g. 75% and
50%). Under RCP4.5 (Fig. 6B) and RCP8.5 (Fig. 6C), the resort will face
a dramatic situation where there will be no adaptation option at 95%
confidence that could keep the resort operational.

When the future unfolds similar to RCP4.5 scenarios, the Hoch-
Ybrigh ski resort can survive in the near-future by taking the adapta-
tion 80-day ski season and 60 mm artificial snow (Table 3 and Fig. 6B).

When the future unfolds similar to RCP8.5 scenarios, there are 6 and
24 adaptation options at 95% and 75%, respectively, which could keep
the operation of the resort as the reference period. In the mid-future,
there are only 3 adaptation options that could be implemented at 75%
confidence, while for the far-future, there is no adaptation option that
can be used in the resort. Table S3 (see SM) summarizes 45 combinations
of adaptation options (Table 3 and Fig. 6C).

We use DAPP to explore specific combinations of options that are
adaptive and robust over different future scenarios. We implement this
by taking the historical number of tipping points as a benchmark for the
survival of the ski resort in the future. This choice is justified by the
presence of several tipping points in the reference period. We assume
that so-called "historical tipping points" did not prevent the resorts from
continuing their operations due to provided support by governments (e.
g., subsidies) or alternatives in the business models of ski resorts.

Adaptation options for six ski resorts under RCP2.6, RCP4.5, and RCP8.5 scenarios for three future horizons. Adaptation options are presented with two numbers. The
first number shows the shortened ski season, e.g., 80-d means that the ski season will be shortened 20 days from the historical 100-day season. The resort needs to
generate supplemental revenue in 20 days from other activities than winter sports. The second number presents the required depth of artificial snowmaking (mm) that

is needed for the resort.

RCP2.6 RCP4.5 RCP8.5
2020-2050 2050-2080 2070-2100 2020-2050 2050-2080 2070-2100 2020-2050 2050-2080 2070-2100
Sattel 800-1600 m 80-d 70-d 60-d 80-d - - - - -
80 mm 50 mm 60 mm 40 mm
Atzmaennig 840-1200 m 90-d 80-d 70-d 60-d - - 60-d - -
60 mm 80 mm 100 mm 60 mm 80 mm
Hoch Ybrig 1050-1820 m 90-d 90-d 60-d 80-d 70-d 60-d 70-d 60-d
20 mm 50 mm 50 mm 60 mm 40 mm 80 mm 20 mm 100 mm
Champex 1480-2200 m 90-d 80-d 70-d 80-d 70-d 60-d 80-d 60-d -
40 mm 60 mm 80 mm 60 mm 100 mm 60 mm 60 mm 60 mm
Les Diablerets 1340 m 70-d 60-d - - - - - - -
80 mm 100
1820 m 90-d 80-d 80-d 90-d 60 mm 70-d 60-d 80-d 60-d -
30 mm 20 mm 20 mm 60 mm 80 mm 40 mm 60 mm
2000 m 90-d 80-d 80-d 90-d 80-d 70-d 90-d 70-d 60-d
20 mm 40 mm 50 mm 0 mm 40 mm 30 mm 30 mm 30 mm 100
2500 m 100-d 100-d 100-d 100-d 100-d 100-d 100-d 100-d 100-d
0 mm 0 mm 0 mm 0 mm 0 mm 0 mm 0 mm 0 mm 0 mm
Davos Jakobshorn 1560 m 80-d 70-d 60-d 60-d - - - - -
40 mm 50 mm 60 mm 70 mm
2000 m 90-d 80-d 70-d 90-d 70-d 70-d 80-d 80-d 70-d
20 mm 20 mm 30 mm 30 mm 40 mm 80 mm 30 mm 80 mm 80 mm
2250 m 90-d 90-d 90-d 90-d 90-d 80-d 80-d 70-d 70-d
0 mm 0 mm 0 mm 40 mm 60 mm 60 mm 40 mm 40 mm 60 mm
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The metro map in Fig. 7 combines RDM and DAPP approaches and
reflects the different stages of adaptation options and evaluating adap-
tation pathways for the Hoch-Ybrigh ski resort. A key feature of Fig. 7 is
that conditions leading to tipping points can be presented alongside
policy options in the metro map to inform decision-makers about the
conditions at which individual policies no longer manage avoiding ski
resorts from tipping points. From top to down map shows different
adaptation options for a range of RCPs and is flexible to further adapt in
the future. As the implementation of other options can take resources,
decisions will need to be triggered well before the anticipated use-by-
year to manage climate change impacts successfully. An adaptation
pathways map of Hoch-Ybrigh shows how decision-makers can adjust
the resorts to different future scenarios before reaching adaptation
tipping points. Following the grey lines of the current situation, one can
see six options in the near future. According to the level of global
warming, which RCPS translate, decision-makers could change adaption
option in the future. Under RCP2.6, Hoch-Ybrigh ski resort could
implement the action (90d, 60 mm) to achieve the target for the next 30
years while for the RCP4.5 and RCP8.5 adaptation actions (80d, 60 mm)
and (70d, 40 mm) should be applied, respectively. High revenue
diversification and large Snowmaking options (60d, 100 mm) is a safe
option that can be used in all climate change scenarios up to 2080
(brown line).

4. Discussion

Ski tourism is the most studied segment of the tourism and climate
change literature (Fang et al., 2018) due to its strong reliance on good
snow conditions, which can become rarer already in the near-future
(Scott et al., 2019, 2020). Nonetheless, there is a gap in the effective-
ness and timing of adaptation options in dealing with the many
socio-economic uncertainties. This study assessed the role and impor-
tance of various uncertainties for decision-making and their evolution
over time. By explicitly considering uncertainties in the decision prob-
lems, we assessed the performance of various adaptation options to
prevent socio-economic tipping points for six ski resorts. The problem is
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spatially explicit and representative of different elevations. This repre-
sents an improvement over previous studies that used the single-point
representations to assess a given ski resort’s snow and meteorological
conditions, often using only the median elevation (Abegg et al., 2007;
Dawson and Scott, 2013; Gilaberte-Birdalo et al., 2017; Steiger, 2010).

A chain of GCM-RCMs has been extensively used in the literature to
address the impacts of climate change on environmental indicators
(Ashraf Vaghefi et al., 2019; Fiddes et al., 2019; e.g., Hausfather and
Peters, 2020; Kotlarski et al., 2014; Schmucki et al., 2017). Some studies
have used the ensemble (e.g., Ashraf Vaghefi et al., 2019; Schmucki
et al.,, 2017), while others have used regional climate models (e.g.,
Hausfather and Peters, 2020) to assign a single set of best-estimate
probabilities to all future emissions scenarios. This approach could
give decision-makers a false sense of certainty, leading to costly ad-
justments if the world evolves in unanticipated ways. In contrast, this
study used an exploratory modeling approach to (1) identify the com-
bination of uncertainties and policies with a high probability of tipping
points (2) illuminate the uncertainties and policies that have the largest
impact on the metrics of the system (GSD, GDSM, and tipping point),
and (3) show which adaptation actions should be taken to avoid future
tipping points in ski resorts.

We demonstrated how the main drivers that impose uncertainty on
the system change over time (Figs. 3, 8, and S15). To find underlying
patterns in the time series of GSD and to avoid misinterpretation due to
local peaks and troughs of GSD plots (Fig. 3), we smoothed the time
series of GSD with a 10-year rolling window (Fig. 8). Then we investi-
gated if the sensitivity of the output parameters would change in near-,
mid-, and far-future horizons. At the beginning of the time series
(GSD_10), the number of days with good snow conditions is mainly
determined by the uncertainty of the snow process model and the
threshold of the accepted skiing season length. However, at the end of
the time-series (GSD_100), RCP starts to completely dominate all the
uncertainty, indicating that climate change is by far the most important
projector for snow conditions by the end of the century, despite all the
uncertainty in the other parameters.

Our results show ski resorts located below the 1820-2000 m lines
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Fig. 8. Feature scoring analyses for GSD with a 10-year rolling window over three future horizons. Results correspond to three types of ski resorts. (A) low-altitude,
represented by Les Diablerets (1340 m), (B) mid-altitude, represented by Hoch-Ybrigh, (C) high-altitude, represented by Davos Jakobhorn (2250 m).
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will be facing challenges from the 2050 s onwards, and even artificial
snowmaking will not be enough to secure their survival (no adaptation
option for Hoch-Ybrigh between 2070 and 2100, Fig7, 8 and Table 3).
The findings are in line with other studies in Alpine regions (e.g. Biirki R,
2000; Elsasser and Biirki, 2010). The situation is different for ski resorts
that extend over several elevation bands, especially for the altitude of
above 2000 m. In that case, numerous adaptation options could secure
their profitability and survival. We presented an adaptive planning
metro map (Fig. 7) for effective adaptation options over time and show
how shifting between adaption options could prevent having more
critical situations than in the historical period. For the next 30 years,
decision-makers could invest in snowmaking of 60 mm combined with
diversification of offers for 30 days on different leisure activities such as
skiing on grass, mountain biking, and mountain coasters. The selection
of activities is based on their preferred business models.

There are a few aspects that need attention in the interpretation of
our results. For instance, our model holds the skier visits constantly
overtime to isolate the impact of climate change. Future work could
calculate a second set of impact estimates accounting for projected
population growth. Also, the financial information on daily cost and
revenue which we used in this study for the financial status of the ski
resorts is, however, too general to yield synchronous economics anal-
ysis. We point out that the number of days with good snow (GSD) is
intended to capture the general pattern of the future rather than to be
accurate representations of the economic situation of the resorts at a
specific time. Future studies might consider how winter sport types in-
fluence perceptions of warming winters. For example, downhill skiers
are well adapted for a warmer climate because of extensive snowmaking
that provides skiable terrain even in warmer-than-average winters.

It should be pointed out that "good days for skiing" are not only about
a certain snow depth but also other meteorological factors. Eight vari-
ables and their required values for considering a day as Optimal Skiing
Day (OSD) are summarized as follows (Berghammer and Schmude,
2014): (1) precipitation = 0 mm, (2) ski area entirely operating, (3)
(artificial) snow depth on slopes >30 cm, (4) surrounding snow
coverage (scene function) >0 cm, (5) perceived temperature between
—5 and +5 °C, (6) sunshine duration >5 h/day, (7) wind speed <10 m/
s, and (8) type of day weekend day/holiday. Only when a day meets all
of these conditions concomitantly is it categorized as OSD. In the current
study, we focused on snow depth conditions (GSD) and explored how the
climate’s internal variability will affect GSD. The next step for quanti-
tative analysis of climate change on skiing days is to consider all the
factors if the data is available.

Furthermore, the factors that influence the operations of ski resorts
are not exclusively limited to the viability in terms of snow conditions.
The unique situation in winter 2018 with exceptional snowfall forced ski
resorts to close due to the increased risks of wet avalanches. These
conditions might become more common in the future, which on top of
the overall decline in favorable snow days, could add an extra element of
financial risk even for ski resorts located at relatively high elevations
(Stoffel and Corona, 2018).

The results shown in this study can be upscaled to the entire alpine
region by comparing similar elevation bands using, for example, station
data in combination with climate variables from regional climate
models at a relatively fine resolution such as CORDEX data (EUR-11,
~12.5 km). Including a more diverse portfolio of adaptation options and
a more advanced simulation of socio-economic dynamics would be di-
rections for new research.

In future studies, we suggest to explore more uncertainty space for
possible snowmaking condition and cover a wider range from —10 °C
< temperature <+4 °C and 0 < humidity <100%. In that case, one can
look at the situations where —12 °C < wet bulb temperature <—3 °C.

Finally, scientists, resort operators, and policymakers could co-
design a more comprehensive decision option portfolio. These options
should be capable of overcoming lines of conflict between different in-
terest groups and providing feasible ways forward, considering local
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environmental conditions and specific objectives of the ski resorts.
5. Conclusion

This paper used various explorative modeling approaches, including
dynamic adaptive policy pathways (DAPP), robust decision making
(RDM), and scenario discovery for six ski resorts ranging from low to
high elevations. The proposed framework successfully provided insights
into the impacts of climate change on tipping points of sky resorts for
decision-makers. We offered different adaptation options over time to
avoid the occurrence of future tipping points in the resorts.

We summarize the following primary outcomes of the study as
follows.

1. Our approach will help decision-makers better understand the
combination of uncertainties that most affect their choices, thereby
reducing locked-in choices and decision delays that can arise when
using a single scenario. Provided DAPP metro map demonstrates
when to alter the adaptation options when the future unfolds for
avoiding tipping points.

2. All resorts were projected to face reductions in winter recreation
season lengths, exceeding 26% by the near-future, 53% by mid-
future, and 78% in the far-future. We found that ski resorts in the
Swiss Alps will suffer due to climate change more and more severely
through the end of the century, especially under RCP8.5 scenarios.

3. We found that higher elevation resorts in the Alps (ski lines >
1820-2000 m ranges) are far more resilient to temperature changes,
but every resort will suffer. Our results showed that economic
diversification (up to 40days) is indispensable for ski resorts to sur-
vive in low elevation mountains after the 2050 s.

4. We determined that the resorts should not only provide activities in
the winter but should develop methods to attract people year-round.
Now is the time for authorities to plan information campaigns about
new adaptations. Ski resort operators should share their thoughts
about climate change and its difficulties now or expect in the future.

5. Among the uncertain factors (namely the uncertainty in RCPs; intra-
annual climate variability; the snow process model; and adaptation
options); the uncertainty in intra-annual climate variability and the
snow process model are dominant in the near-future.

6. Our approach can be extended to other regions whose ski resorts
might be facing similar challenges (and beyond). It can also be used
to explore other tipping points in various decision systems.
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