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Abstract
Indicators are widely used in climate variability and climate change assessments to simplify the tracking of complex processes and
phenomena in the state of the environment. Apart from the climatic criteria, the snow indicators in ski tourism have been increasingly
extended with elements that relate to the technical, operational, and commercial aspects of ski tourism. These non-natural influencing
factors have gained in importance in comparison with the natural environmental conditions but are more difficult to comprehend in time
and space, resulting in limited explanatory power of the related indicators when applied for larger/longer scale assessments. We review
the existing indicator approaches to derive quantitative measures for the snow conditions in ski areas, to formulate the criteria that the
indicators should fulfill, and to provide a list of indicators with their technical specifications which can be used in snow condition
assessments for ski tourism. For the use of these indicators, a three-step procedure consisting of definition, application, and interpretation
is suggested. We also provide recommendations for the design of indicator-based assessments of climate change effects on ski tourism.
Thereby, we highlight the importance of extensive stakeholder involvement to allow for real-world relevance of the achieved results.
Keywords Snow indicators . Ski tourism . Climate variability and change . Stakeholder process

Introduction
The snow cover is characterized by a significant year-to-year
variability which affects all relevant snow variables such as
snow water equivalent (SWE), snow depth, and spatial and
temporal snow coverage (Beniston et al. 2018). For the
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description of these basic variables, many statistical measures
were developed, and thereby, the definition of indicators
helps to simplify the complexity of the snow processes.
According to their particular needs, many scientific disciplines provide individual definitions for indicators (e.g.,
Heink and Kowarik 2010). Here, we refer to a general definition: An indicator is used to simplify a complex reality and,
more specifically, to “communicate information on environmental status and problems, to support response mechanisms
and to monitor effects of these responses” (Smeets and
Weterings 1999: 5). Hence, the snow indicators that are investigated in this paper are measures to track the snow state
of the environment with respect to downhill skiing. They
describe the snow conditions, variable both in space and time,
at the regional scale and for time horizons from years to
decades, be it the natural snow, or man-made machine
snow—further on referred to as “technical snow”—that is
deployed and groomed on the slopes of a ski area during
the operating season.
Since the global phenomenon of climate change became
documented by the first assessment report of the IPCC (1992),
snow indicators have been increasingly used to assess the
effect of climate change on the snow conditions, including
the skiing conditions on the slopes of ski areas (see Steiger
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et al. 2019 for an overview). On the one hand, these investigations were of scientific interest. On the other hand, they
were intended to support planning and decision-making in
the ski tourism market at both the entrepreneurial and political
levels (Abegg et al. 2007). However, it must be clearly stated
that the climate change signal in the snow cover shows a small
trend compared with its year-to-year variability (Marke et al.
2015). Hence, climate change effects are determinable only in
long-term assessments (i.e., for several decades), whereas the
interest of local ski tourism actors typically lies in the range of
one (e.g., optimized snow management for the current season)
to approximately 20 years (e.g., amortization period) (Abegg
et al. 2017).
About the time when the IPCC published its first seminal
reports, a profound and worldwide change took place in the
operation of ski areas: the significant growth of snowmaking
(e.g., Scott and McBoyle 2007 for North America and Spandre
et al. 2015 for France). Technical snow allows to cope with the
lack of natural snow and facilitates the grooming of the ski
slopes. Resoundingly successful, an ever-increasing number
of ski areas were equipped with snow guns, lances, pipe systems, pumping stations, and water reservoirs. Today, snowmaking (or sophisticated snow management in general) is an important part of the business. It helps to cope with “non-controllable” factors such as natural snowfall. Even more, it has become an indispensable planning and management tool to decouple skiing—at least partly—from the natural winter conditions. Or in the words of the CEO from an Austrian ski area: “In
fact we don’t need snow, we make snow. Too much natural
snow is bad for our business, because it means higher costs for
slope grooming. Skiers only complain about natural snow
pistes. They want smooth slopes that we can only provide with
the help of machine-made snow. It sounds absurd, but the best
scenario for us is less natural snow, low temperatures for snow
production and lots of sun” (Trawöger 2014: 345). As a result
of this development, operational aspects of ski tourism (such as
ski season length or profitability) cannot be explained solely by
climatic/meteorological (snow-related) variables.
In parallel, researchers have tried to catch up with the technical and commercial evolution of ski tourism and increasingly considered non-natural framing conditions for the snow and
skiing conditions in their indicator definitions. Firstly, to account for operational and financial aspects of ski tourism,
thresholds and ratings (and therefore a normative meaning)
have been added to existing snow indicators. The most prominent example is probably the so-called 100-day rule. Bürki
(2000: 42), for example, defined the 100-day rule as follows:
“A ski resort can be considered snow-reliable if, in 7 out of 10
winters, a sufficient snow covering of at least 30 to 50 cm is
available for ski sport on at least 100 days between December
1 and April 15.” Although widely accepted in both science
and industry, the 100-day rule (and any other similar rule) is
only an approximation of the required ski season lengths, and
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in contrast to how the rule was originally coined (Witmer
1986), the 100-day rule cannot be considered as a robust economic indicator because economic failure/success is dependent on much more than a simple number of days with a
sufficient amount of snow (Abegg 2012). Secondly, to integrate technical snow means to define the snowmaking process. Consequently, the models used to calculate the snow
indicators were extended with particular capabilities to simulate the production and grooming of technical snow, requiring
a set of assumptions for the snow management strategy behind
(Hanzer et al. 2018). Snowmaking, however, is complex (with
many innovations potentially yet to come) and dependent on a
series of physical, technical, operational, financial, and legal
aspects that define the snow management process in realworld ski areas.
Over time, many indicators developed into “hybrids”
(Heink and Kowarik 2010), combining meteorological/
climatic (depending on the temporal horizon of their application, not further distinguished from hereon) with technical,
operational, and financial aspects of ski tourism. Further, they
became “overloaded” with regard to the meanings that have
been attributed to these indicators—meanings that go way
beyond of what can be stated with indicators based on physical (e.g., snow) conditions only. This, basically, applies to all
indicators relying on pre-defined thresholds (be it a required
ski season length or a given altitudinal line of snow reliability)
and standardized snowmaking rules. These indicators may
provide a coarse overview and can be used for general sensitivity analyses but, at the same time, they are prone to mis-/
overinterpretation, and consequently even misinformation
(e.g., notoriously misleading media headlines and oversimplified winner-and-loser discussions) (Scott et al. 2012:
210f). Actually, the aspects packed into these indicators are
very different in nature: the climatic conditions—and, depending on those, the snow conditions—can be measured and more
or less well projected by climate models, and they are representative for areas of regional or even larger scales (Gobiet
et al. 2014). The technical, operational, financial, etc. framing
conditions of a particular ski area, on the other hand, are hardly predictable (e.g., amount of available water, number of
snow guns, or subsidies to buy/run the snow guns) and are,
if assumed, only valid at the scale of a single ski area (Hanzer
et al. 2014). Hence, the explanatory power of such hybrid
indicators is limited: in their use origins a scale problem, a
predictability problem, an arbitrariness problem, and an interpretation problem. Again, attempts to relate the effect of a
regionally changing climate to particular local settings are
prone to misinterpretation by practitioners and the media, especially in cases where the local settings strongly deviate from
the assumptions made for the regional scale. To account for
the uncertainties related to these assumptions, stakeholders
can be involved to provide their local knowledge of the particular framing conditions in their region (Strasser et al. 2014).
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In this paper, we provide an overview of what types of
indicators have been developed and applied, we introduce a
conceptual approach for the use of snow indicators and suggest a set of “de-loaded” indicators to be used for an unambiguous interpretation of the regional patterns of weather and
climate variability effects. These basic indicators are not entirely new but mostly stripped from additional normative
meanings. When applying the indicators, we suggest to distinguish between small-scale (e.g., individual ski areas) and
large-scale (e.g., general policy and governance orientation)
assessments. We further endorse a transdisciplinary research
setting with local “case studies” and intensive stakeholder
work to elaborate on both regional patterns of climate variability effects on ski tourism, and the very particular local
consequences of these effects for particular ski areas. The
cooperation with local stakeholder groups also holds the potential to be further developed into learning alliances to jointly
elaborate on decision support and adaptation strategies.
This opinion paper is based on our long-time experience
originating from research in a number of countries and cooperation with many partners. Many scientific colleagues and
tourism stakeholders have contributed by conducting their
own work, sharing their ideas/experiences and giving valuable
feedback. The idea to write this article has evolved while
being engaged in several third-party funded projects (listed
in the acknowledgements). These projects focus on the impact
of climate variability and change on the ski tourism industry
and aim at providing decision support for ski tourism stakeholders. Key to all projects has been (and still is) the codevelopment of knowledge with stakeholders.

Overview of existing snow indicators
The most common snow indicator for ski tourism is the number
of days with a certain amount of snow on the ground, the “snow
days.” Different thresholds have been proposed, for example 1,
5, 15, 30, or 50 cm. The snow depth requirements are dependent
on slope characteristics: the rougher the terrain, the more snow is
needed. Most ski areas, however, operate on landscaped terrain,
i.e., slopes have been technically altered to reduce the required
snow depth and to facilitate grooming. Therefore, 30 cm is typically taken for ungroomed snow—a threshold widely accepted
since its introduction by Eckel (1938 in Witmer 1986) in both the
science and ski tourism communities. The lower thresholds (e.g.,
5 cm) are used for the “white winter landscape” (Strasser et al.
2014) or the “wintry atmosphere” (Schmucki et al. 2017)—an
indicator that is not directly related to the operation of a ski area
but to the look and feel of the environment.
In some studies (e.g., Scott et al. 2006), a day with ≥ 30 cm
of snow is called a “skiable day,” and the number of days with
snow depths ≥ 30 cm the “ski season length” (also: number of
days between the ski opening (Snow Water Equivalent
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(SWE) > 120 mm w.e. (kg m−2) after 1 November for at least
5 consecutive days) and the ski closing (SWE < 80 mm w.e.
for at least 10 consecutive days between the opening and 30
April), Marke et al. 2015). Based on the operational practices
of ski areas in Eastern Canada, Scott et al. (2003, 2006, 2007)
suggested that ski areas were assumed to close if one of the
following conditions occurred: snow depth less than 30 cm,
maximum temperature higher than 15 °C, or 2-day liquid precipitation exceeding 20 mm. The same authors also point to
the difficulty to determine the length of the ski season with
meteorological criteria only. Ski area managers may start the
operation early, i.e., before the desired snow depth is reached,
because they have to compete with neighboring ski areas (or
to cash in during high-demand periods), and they may end it
early because the demand is lacking and costs can be reduced
(Scott et al. 2007). This is often the case towards spring when
people prefer summertime activities although there is still a lot
of snow in the ski areas (Mayer et al. 2018).
Starting in the late 1970s, a special meaning was attributed
to a particular number of snow days. Referring to French ski
areas, Barbier (1978) wrote that 120 snow days are necessary
to assure the profitability of ski area investments. Similarly,
Witmer (1986: 193) stated that “in order to have an economically viable investment in [Swiss] winter sports areas, among
others, the installed facilities need to be utilized for at least 100
days per season, which is only possible with a snow cover of
sufficient thickness.” In Australia, “60–70 days is about the
minimum for a viable downhill ski operation” (Galloway
1988: 428), and in North America, Mieczkowski (1990:
254) proposed that at least 100 (in the East) or 120 days (in
the West) are necessary “to be commercially viable.”
Witmer’s suggestion, commonly known as the 100-day rule,
has become very prominent. Applications include, for example, Abegg (1996), König and Abegg (1997), Elsasser and
Bürki (2002), Durand et al. (2009), Steiger and Stötter
(2013), and Pons et al. (2015) for Europe, Bark et al. (2010)
and Dawson and Scott (2010, 2013) for North America, and
Hendrikx and Hreinsson (2012) for New Zealand. Scholars
looking at Australian ski areas still refer to Galloway (e.g.,
Pickering 2011). However, the 100-day rule (or any other
similar rule) cannot be considered a robust economic indicator
(Abegg 1996, 2012). Economic success is dependent on sufficient snow at the right time (e.g., key periods), good weekend-weather, and many other non-climate-related factors (e.g.,
Elsasser and Bürki 2002). This has been known for long, but
still, the 100-day rule is utilized as a proxy for the profitability,
viability, and even sustainability of ski areas.
The “line of snow reliability,” combining the 100-day rule
with altitude, goes back to earlier research in Switzerland.
Föhn (1990) found that the criteria for the 100-day rule are
met in areas above 1200 m. This line of snow reliability, he
further suggested, will move up to 1500 m assuming a + 3 °C
warming. Messerli (1990) used this information to draw a
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map, identifying a critical zone between 800 and 1500 m with
ski areas being “at risk” or “highly at risk.” Abegg (1996)
adapted Föhn’s approach and calculated the number of naturally snow-reliable ski areas under current and future climate
conditions: a ski area was considered naturally snow reliable if
the upper half of its altitudinal range was located above the
respective lines of snow reliability. The same approach with
varying baselines for natural snow reliability (i.e., lower in the
Eastern part and higher in the Southern and South-Western
part of the European Alps) was later applied in a much larger
study for the OECD (Abegg et al. 2007). It was suggested to
use the line of snow reliability to detect patterns in the geographical distribution of naturally snow-reliable ski areas.
Snow conditions, however, are highly variable over space,
and a highly aggregated line of snow reliability does not account for the complexity of the snow processes in mountain
terrain (Steiger 2010). Further, it was recommended to not
make statements on individual ski areas (Abegg et al. 2007:
32). The line of snow reliability, however, can be easily
misinterpreted as a simple tool to rate individual ski areas,
i.e., to distinguish between “winner” and “loser.” Financial
institutions, for example, used the line of snow reliability to
check on the ski areas’ credit ratings (e.g., Elsasser and Bürki
2002; Scott et al. 2007).
The ski season, as most tourism seasons, can be divided
into different periods (e.g., Scott et al. 2007; Spandre et al.
2016a). Some periods are economically more important than
others—an example being the Christmas holidays for midlatitude ski areas in the Northern hemisphere. Consequently,
Scott et al. (2008: 579) introduced the Christmas–New Year’s
indicator as the “probability of being operational during the
economically critical Christmas–New Year’s holiday period”,
thereby referring to ≥ 30 cm of snow from 22 December to 2
January. Steiger and Abegg (2013) adopted the Christmas
indicator, extended the period by 2 days (22 December to 4
January) and added the season opening indicator (snow
depth ≥ 30 cm on 8 December). In Austria, the public holiday
on 8 December (the Christian holy day of the Immaculate
Conception)—or the weekend closest to this date—is the traditional opening day for many larger ski areas.
Many scholars use probability thresholds to rate the indicators. Wanner and Speck (1975) give an early example stating that their snow reliability criterion (≥ 90 days with ≥ 30 cm
of snow) must be met in 90% of the winters. Often, several
thresholds are available. It was suggested, for example, that
the 100-day rule must be fulfilled in 70% (Abegg 1996) or
90% (Steiger and Mayer 2008) of the winters. Scott et al.
(2008) suggested a 75% threshold for the Christmas–New
Year’s indicator, and Steiger and Abegg (2013) who combined
the 100-day rule, the Christmas indicator, and the season
opening indicator used a 70% threshold for all three indicators. Steiger and Stötter (2013) went a step further and defined
a “snow reliability classification scheme” considering the 100-
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day rule, the Christmas indicator, and the share of open skiing
terrain. Probability thresholds (≥ 80%, 50–79%, and < 50%)
were attributed to the Christmas indicator and the share of
open skiing terrain resulting in a classification scheme ranging
from “excellent” to “very poor.” There is a reasoning behind
these thresholds: the indicators must not be fulfilled every year
because of the changing quality of the snow season (“good
versus bad snow years”) and the assumed ability of the ski
areas to cope with a limited number of “bad” seasons and/or to
compensate bad with good seasons. Why specific thresholds
were chosen, however, often remains unclear. Some scholars
(e.g., Abegg 1996; Steiger and Stötter 2013) double-checked
with ski area operators, others did not—in general, information about stakeholder involvement is scarce.
Generally, snow days, season lengths, the 100-day rule, etc.
can be calculated for both natural and technical snow.
Snowmaking, however, shifts the perspective from natural
conditions to more technical, infrastructural, and operational
aspects. Scott et al. (2003) introduced a ski season and snowmaking simulation model (SkiSim). Snowmaking within
SkiSim is based on technical capacities and operational practices which were derived from communication with ski industry
stakeholders in Eastern Canada and include the start and the end
date of snowmaking (22 November to 30 March), the snow
base to maintain until 30 March (60 cm), the temperature required to start snowmaking (− 5 °C), and the snowmaking capacity (10 cm/day) (see also Scott et al. 2006, 2007). It is important to add that Scott et al. (2008: 583f) stated that “in order
to compare the relative impact of projected climate change …, a
single hypothetical ski area with identical characteristics (e.g.,
size, snowmaking capacities, and practices) was modelled at
each study area. This approach isolates the importance of climate and projected climate change at each location, rather than
assessing the relative technological (e.g., snowmaking) and
business (e.g., four season operation) advantages of individual
ski areas.” The SkiSim model was further developed (SkiSim
2.0) with refined snowmaking rules to better represent operational decisions over the ski season, i.e., distinction between
base-layer snowmaking at the beginning of the season and reinforcement snowmaking later in the season (Steiger 2010).
Applications in the European Alps with slightly adjusted snowmaking rules (e.g., snowmaking window from 1 November to
31 March instead of 22 November to 30 March) include Steiger
and Abegg (2013) and Steiger and Stötter (2013). Pons et al.
(2015) used a similar approach in the Pyrenees. Hanzer et al.
(2014) developed a detailed, physically based model of technical snow production taking into account the ambient conditions
and available snowmaking infrastructure. The model explicitly
considers the topography and geometry of existing ski slopes,
applies pre-defined snowmaking practices (i.e., base-layer and
reinforcement snowmaking periods), incorporates grooming
and the skier-induced downward transport of snow on the
slopes, and tracks the water and energy consumption of the
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snow machines. In Marke et al. (2015), this model was applied
to several ski areas in the Schladming region (Austria). Spandre
et al. (2016b) implemented snow grooming and snowmaking in
the physically based, multilayer snowpack model Crocus
(Vionnet et al. 2012). This model was used to analyze past
and future snow conditions in French ski resorts (Spandre
et al. 2019a, b), both using the reliability line approach, and in
an implementation where the spatial structure of each ski resort
in a given region (French Alps) was explicitly represented.
Hanzer et al. (2018) summarized the explicit implementation
of snow grooming and snowmaking in the snow models
AMUNDSEN (Strasser 2008; Hanzer et al. 2014; Strasser
et al. 2019), Crocus (Vionnet et al. 2012; Spandre et al.
2016b), and SNOWPACK/Alpine3D (Bartelt and Lehning
2002). In summary, scholars have developed various, i.e., more
or less standardized, ways to incorporate snowmaking into their
snow models. It is interesting though how they deal with uncertainties. In most cases (at least in more recent studies),
scholars take into account climate model ensembles and different emission scenarios but still rely on one single set of assumptions to define the snowmaking capacities and practices.
Other scholars focused on the snowmaking potential. Rixen
et al. (2011), for example, calculated the number of potential
snowmaking days, i.e., days with a dew point temperature ≤ −
4 °C; Hartl et al. (2018) did the same for German and Austrian
weather stations, using a mean daily wet-bulb temperature
threshold of − 2 °C, and computed the significance of historical
trends. Hennessy et al. (2008) modelled potential snowmaking
hours under current and future climate conditions in Australia,
again using a − 2 °C wet-bulb temperature threshold. Similarly,
Hendrikx and Hreinsson (2012) modelled potential snowmaking hours in New Zealand. They noted that a threshold of ≤ −
3 °C wet-bulb temperature is typically used in operational settings. However, they used a higher threshold of ≤ − 1.7 °C as
discussions with the ski area operators indicated “that in warm
years this was how the machines were operated, despite the cost
and small amounts of snow that can be made at these warmer
temperatures.” Spandre et al. (2015) analyzed past conditions of
snowmaking hours in the French Alps and discussed the impact
of various wet-bulb temperature thresholds.
Beyond the snow depth and duration indicators, additional
climate variables play complementary roles in assessing the skiing conditions. Berghammer and Schmude (2014), for example,
introduced the “Optimal Ski Day” as a day with no precipitation,
a perceived temperature between − 5 and + 5 °C, more than 5 h
of sunshine, and a wind speed less than 10 m/s, in addition to a
minimum snow depth of 30 cm on the slopes and a white
scenery in the surroundings. Demiroglu et al. (2018) identified
the “ideal summer skiing day” through a consumer survey in
Norway as one with no wind, an open sky, relatively warm
temperature (10 to 20 °C), and wet or “corn” snow quality.
Likewise, the China Meteorological Administration (2017) developed the “Meteorological Index of Skiing” by taking into
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account wind, temperature, and precipitation. Based on these
antecedents and industrial inputs, a comprehensive climate index
for ski tourism is proposed by Demiroglu et al. (2019). In this
paper, however, we focus on the most essential component of ski
tourism climatology—the snow cover—and do not provide an
in-depth examination of individual or combined effects of the
above-mentioned additional variables.

Conceptual approach and list of indicators
The following conceptual base for the use of indicators in ski
tourism has been developed and proven useful in the course of
several third-party-funded research projects in Alpine ski resorts (listed in the acknowledgements). These projects focus
on the impact of climate variability and change on the ski
tourism industry. In all these projects, intensive stakeholder
work led to the formulation of general requirements that the
indicators ideally fulfill. These include the following:
(i) Simplicity. A good indicator comprises complex processes such that its meaning is easily understandable. This is
the original purpose of an indicator.
(ii) Transferability. The indicator should be applicable independent of space and time.
(iii) Universality. The indicator should be independent of
any particular condition.
(iv) Neutrality. The indicator itself should be free of any
normative assignment.
(v) Quantitative nature. The indicator should be a numeral
that can be measured or computed by means of a numerical procedure.
(vi) Applicability in climate change impact studies. The indicator should be calculable using variables that can be
provided by coupled climate and snow models.
(vii) Validity. The indicator should be an accepted measure
to assess real-world phenomena.
(viii) Compatibility. The indicator should be in line
with the paradigms of transdisciplinary research
(Lang et al. 2012).

Development and use of indicators
It is suggested to distinguish between indicator definition,
application, and interpretation (Fig. 1). All three steps are
iterative in nature; whenever a set of indicators is defined
and associated with value and scale, the interpretation of the
results may be the origin of new questions regarding both
indicator definition and application. Use of indicators is a
transdisciplinary process and requires appropriate formats to
ensure proper communication and cooperation between the
groups participating in the process, e.g., stakeholder
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1. Indicator
definition
2. Indicator
application

Individual ski area
consultancy
3. Indicator
interpretation
General policy and
governance orientation

Science

Society

Fig. 1 The three-step iterative procedure of indicator definition,
application, and interpretation. The outcome of this transdisciplinary
process can (i) be anchored to support individual ski areas (explicit
approach with case studies) or (ii) be used to estimate regional patterns
of ski tourism conditions with generalized assumptions for the local snow
management practices (modified after Strasser et al. 2014)

workshops. In the ideal case, it initiates a mutual learning
alliance to jointly develop local decision support and adaptation strategies (Strasser et al. 2014).
Step 1 The indicator is defined. While indicator definition is
often done by scientists alone, we suggest to co-operate with
stakeholders from the very beginning. Ideally, the same stakeholders who later do the interpretation of the indicator values
participate in the definition process. The co-definition of the
indicators helps to better understand the investigated phenomenon and to come up with indicators relevant for both science
and practice. During the definition process, neither scale and
value nor a normative meaning is attributed to the indicator. It
is (just) a conceptual construct for the complex processes and/
or conditions of a certain phenomenon in the real world.
Step 2 The indicator is applied and gets a value and a scale,
e.g., by means of an analysis of observation time series or a
numerical simulation of the change of physical variables in
time, calculated by the computer code of a (e.g., snow or
hydrological) model for a given domain and time period.
The scientists setting up the simulation runs and computing
the indicator values are not necessarily the same as the ones
who have contributed to the indicator definition (and/or selection). In this step, an interaction between researchers and
stakeholders is not necessarily required, but it may be interesting for stakeholders to be part of this step. It may be iterative with step 1 (re-definition of an indicator after application).
Still, no normative meaning is associated, neither to the indicator itself nor to its value: it is just a numeral.
Step 3 The indicator is interpreted. In this step, the indicator is
turned into something specific, i.e., valid for a given time and
space, and usually gets a normative meaning. This cannot not
be done by scientists alone but is a co-operative procedure and
requires stakeholder involvement. Often the interpretation of

an indicator is the second part of a stakeholder process that
started in the first step. The stakeholder may not be a single
person, but a group of people, e.g., employees of a company
or members of a political body. It is not a priori given that the
members of the group agree on the normative meaning of the
indicator value, and hence, divergent perceptions of the normative meaning of a certain indicator value may exist. The
result of the interpretation process can be the basis for operational, economic, strategic, or political decisions (depending
on the case). The third step may require iteration with step 1
(definition of a new additional indicator after evaluation of the
original ones) and step 2 (communication of uncertainties in
the method and its results).
The indicators can be used for both small- and large-scale
assessments. If the indicators are coupled with the real-world
framing conditions of a particular ski area—jointly formulated
with local stakeholders—the interpretation may provide the
basis for individual ski area consultancy. If the indicators are
coupled with a set of generalized assumptions that define the
framing conditions of a “standardized” ski area, the interpretation may provide the basis for general policy and governance orientation. Large-scale assessments based on a set of
generalized assumptions also benefit from cooperation with
ski tourism stakeholders. Stakeholder knowledge was already
integrated in the past, although in a rather limited and nontransparent way. Further, only one set of assumptions was
typically used to define the framing conditions of the ski
areas—a limitation given the fact that the technical, operational, and financial settings of ski areas differ in many respect. To
give an example, snowmaking rules are based on a series of
assumptions including temperature thresholds and snowmaking capacities (cm/day). Often, only one set of assumptions is
taken into consideration. However, these parameters vary, and
changes in the definition of the parameters (e.g., higher threshold for the wet-bulb temperature and/or higher capacity of the
snowmaking facility) may result in significantly different outcomes (e.g., a markedly higher amount of technically produced snow). For future research, we recommend (i) to extend
stakeholder involvement, (ii) to use several sets of assumptions to define snowmaking capacities and practices, and (iii)
to properly communicate all the assumptions and their
consequences.

List of indicators
Table 1 lists our set of proposed snow indicators, including
name, a short description, the unit, and a remark on how to
calculate the indicator. Snow depth thresholds, wet-bulb temperature thresholds, and time spans for key periods, base-layer, and reinforcement snowmaking are not pre-set and have to
be defined in cooperation with stakeholders. Apart from the
Christmas–New Year’s period mentioned in the table, additional key periods, usually related to school breaks or public
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List of snow indicators

No. Name

Description

Unit

Snow type

Calculation/computation method

Natural Technical*
1

White winter landscape

Number of days with at least x cm Number of days
of snow on the ground

✓

2

Snow days

Number of days with at least x cm Number of days
of snow on the ground

✓

✓

3a

Start of the snow season First date of the longest
Date
continuous period with at least
x cm of snow on the ground
End of the snow season Last date of the longest
Date
continuous period with at least
x cm of snow on the ground

✓

✓

✓

✓

4

Key period

✓

✓

5a

Snowmaking potential
for base-layer snowmaking
Snowmaking potential
for reinforcement
snowmaking

3b

5b

Number of days with at least x cm Number of days
of snow on the ground within
economically critical key
period(s)
Number of hours with wet-bulb
Number of hours
temperature lower than – x °C
Number of hours with wet-bulb
temperature lower than – x °C

Number of hours

✓
✓

Count the number of days from 1 August of
year N − 1 to 31 July of year N fulfilling
the condition “snow depth ≥ x cm”
Count the number of days from 1 August of
year N − 1 to 31 July of year N fulfilling
the condition “snow depth ≥ x cm”
Identify the longest continuous period from 1
August of year N − 1 to 31 July of year N
where snow depth is continuously above
x cm. The first date, within this continuous
period, meeting the condition “snow
depth ≥ x cm”, is the start of the snow
season. The last date, within this
continuous period, meeting the condition
“snow depth ≥ x cm”, is the end of the
snow season
Define critical key period(s) (day 1 to day x)
and count the number of days fulfilling the
condition “snow depth ≥ x cm”
Define periods for base-layer and reinforcement snowmaking, compute wet-bulb
temperature (TWBT) from temperature and
relative humidity, and compute number of
hours with “TWBT ≤ − x °C” within the respective periods

*Depending on the specific snow model setting, “technical” may refer to “natural but groomed,” “natural and machine-made,” and “natural, machinemade, and groomed” snow

holidays, can be defined. Incorporating technical snow means
to define the factors that steer the snowmaking process as
discussed in previous paragraphs. In further post-processing
steps, the duration of the continuous snow season can be calculated by using the start and the end date of the snow season.
If calculated for longer time periods (decades), statistical measures such as mean and standard deviation of the indicator
values can be computed. In a specific research setting, the
percentage of years meeting a certain threshold could be calculated as well: ski area operators, for example, might be
interested in the percentage of years in which the daily snow
depth thresholds over the economically critical Christmas–
New Year’s period are fully met.

Computation of the indicators
Apart from the proper definition (step 1) and application (step
2) of an indicator, its acceptance in the interpretation (step 3)
significantly depends on the adequacy of the datasets and tools
employed for its calculation. This has a strong influence on the
level of confidence placed by all interested parties at the third

stage of the process. Based on available resources and
methods, the choice of the modelling framework used for
the calculation of the indicators can also be discussed with
stakeholders. Here we describe some key elements regarding
the data and methods used for the calculation of the indicators.

Geographical settings and time periods
While the target spatial domain of indicators used to assess the snow conditions in one or several ski areas comprises the ski slopes and the surrounding environment of
the ski areas, observation and simulation data for a limited
number of geographic locations can be employed. In situ
meteorological and snow data from long-term observations
are sometimes available at one or two locations in or
around a given ski area. However, these meteorological
and snow monitoring stations are often not situated at
locations representative for snow conditions on ski slopes.
Nevertheless, in situ time series have long been used for
the assessment of both snow and climatic conditions at the
local and regional scales. Beyond the use of in situ data
for the calculation of indicators for each location, in situ
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data can be interpolated or extrapolated in space, in order
to generate driving data for snowpack models spanning a
wider range of locations within and around ski areas (e.g.,
Hanzer et al. 2014) and compute spatially distributed indicator values for entire ski areas (e.g., François et al.
2014; Spandre et al. 2019a). In contrast, mountain areas
are generally inadequately represented in large-scale climate datasets, both due to a lack of some of the key
processes in mountain regions in the models and to their
too coarse spatial resolution (Hock et al. 2020).
Approaches bringing together in situ observations, largescale reanalysis, and climate model output hold potential
in providing consistent estimates of meteorological and
snow conditions in ski areas for past and future conditions
(Durand et al. 2009; Marke et al. 2015, 2018). However,
such combined products are more difficult to convey to
non-experts and require further explanations to communicate their strengths and limitations.
Due to the high inter-annual variability of meteorological
and snow conditions in mountain areas, multi-decadal time
series are required to assess changes in snow conditions
(Beniston et al. 2018; Hock et al. 2020). The time scales for
climate change assessments exceed those of the evolution of
the ski tourism industry, their business models, and management practices (see, e.g., the rapid development of snowmaking over less than two decades, compared with long-term
snow cover changes; see Hock et al. 2020, and references
therein). This must be taken into account for the interpretation
of past and future changes of the snow indicators. Hence, for
any assessment based on climate change projections (midtwenty-first century or even later) only coarse assumptions
for the future development of snow management infrastructure, amortization time scales, and the social, economic, and
political drivers influencing the highly dynamic ski tourism
market can be made. As a result, conclusions for specific ski
areas can only be drawn from such predictions, bearing in
mind these important considerations.

Climate scenarios, uncertainties, and relevant
variables
The assessment of future climate change relies on the use of
climate change scenarios, consisting of global climate models
(GCMs) fed by greenhouse gas emissions scenario (e.g.,
representative concentration pathways, RCP, Moss et al.
2010). Downscaling and adjustments are required prior to
using global and regional climate models in mountain regions
and in order to drive specific impact models such as snow
models (e.g., Verfaillie et al. 2017). The future climate information should be provided and processed in a manner which
makes it possible to assess the uncertainty attached to the
indicators. Ensemble approaches, using several climate scenarios corresponding to various RCP, make it possible to
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quantify the variability and uncertainty affecting the results,
and represent the results in a manner that is consistent with the
natural and forced (due to anthropogenic greenhouse emission) variability of the mountain climate. These approaches
also make it possible to compute future values of the indicators, from which mean values and frequency of occurrences
(e.g., number of years when the indicators exceed a given
threshold) can be computed (e.g., Steger et al. 2013;
Verfaillie et al. 2018). Secondly, the downscaling and adjustment methods should provide the variables required for the
computation of the indicators at the adequate time resolution.
For example, not only daily temperature and precipitation data
are required for snow indicator computations but also subdiurnal values and a wider range of variables including
liquid/solid precipitation partitioning, relative humidity, and
wind speed, which govern snowmaking practices and are used
in state-of-the-art models (e.g., Hanzer et al. 2014, 2018;
Spandre et al. 2016b).

Conclusions
In this paper, we elucidate that the use of indicators as
measures to track the snow state of the environment
with respect to downhill skiing deserves particular attention and care. We argue that operational aspects of ski
tourism (such as its profitability) cannot be explained
with climatic (snow-related) parameters. “Overloading”
the natural environmental criteria in the definition of
the indicators with regulation criteria originating from
technical, operational, or commercial aspects of skiing
will result in a loss of the explanatory power of the
indicators, since these latter are specific for the local
scale. Whereas the evolution of the climate follows
physical principles and certain well-defined emission
scenarios of greenhouse gases in more or less continuous trends, difficult though to project into the future,
the technical, operational, and commercial framing conditions of a particular ski area can undergo step-like
reorganizations which are not predictable; the technical
infrastructure, the snow management practice, the financial situation, and the amount of water available are
prominent examples for non-predictable, yet very specific and local driving factors. If not anchored with local
stakeholder knowledge, but interpreted for a particular
ski area, hybrid indicators induce a scale problem, a
predictability problem, an arbitrariness problem, and an
interpretation problem.
From a conceptual point of view, we have collected a
list of general requirements to be ideally fulfilled by each
indicator. It is suggested to split the indicator process into
the three steps of indicator definition, application, and
interpretation to deal with the above-mentioned problems.
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Normative attribution is not included in the indicator’s
definition or calculation procedure but is part of the interpretation. This interpretation is individual and likely to
vary from case to case (i.e., from person to person or from
ski area to ski area etc.). The development and use of the
indicators is therefore set up as a transdisciplinary and
recursive process. Further, it is suggested to clearly distinguish between two ways of using the indicators: The
first one refers to existing real-world ski areas and takes
into account as many local peculiarities as possible to
specify the framing conditions of the respective ski areas
in a case-study type of assessment. The second way refers
to a set of generalized assumptions to integrate the financial, operational, etc. framing conditions of ski tourism
into the indicator definition.
Whereas the first approach provides the potential for
direct consultancy of particular ski areas at the local
scale, the latter approach is used to estimate the effect
of a changing climate on several or many ski areas. By
intention, this second method holds the potential for a
comparative assessment of skiing conditions at regional
scales, but the required assumptions that have to be
specified to include the technical, operational, and commercial aspects of skiing into the indicator definition are
difficult to transfer in space and time. The required
generalization hence reduces the explanatory power
and normative potential of the indicator when it comes
to its interpretation at the local scale (i.e., for a particular ski area). This pitfall can be easily overseen in
indicator-based ski tourism assessments. Yet, the more
general and regionally applicable approach is a way to
provide general policy and governance orientation for
decision support and the development of adaptation
strategies to cope with the effect of a varying climate.
Recently, successful attempts were undertaken to further
refine the snow management rules at the regional scale
(Spandre et al. 2016a). Its usability mostly profits from
scenario-type consideration of an ensemble of operation
strategies, proper translation and communication of the
methodology in the interpretation process, and documented interfaces to integrate local knowledge into the
research process.
Both ways to use the indicators benefit from extensive
stakeholder integration. For the first approach, stakeholder
involvement is indispensable to specify the particular case,
and for the second, it is paramount for the relevance of the
achieved results. Recursive iterations in the co-production of
knowledge across all three steps of the indicator process
facilitate the development of relevant results and hold the
risk of misunderstandings and misinterpretations at bay.
Our approach is ready to be further developed and to be
applied in different settings within ski tourism and beyond,
i.e., in risk analysis, DPSIR (driving forces, pressures, states,
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impacts, and responses) approaches (Smeets and Weterings
1999), and scenario generation. Stakeholder involvement
though is key to real-world significance.
Funding information Open access funding provided by University of
Innsbruck and Medical University of Innsbruck. We thank all ski tourism
stakeholders and scientists participating in the following projects: FuSEAT (funded by the Austrian Climate and Energy Fund), “Overall assessment of the Turkish mountains and inventory of the best ski sites” (realized by Compagnie des Alpes for Turkish Ski Federation), “Assessment
of future snowmaking feasibility and associated water requirements for
ski resorts in the Isère department” (funded by Isère Tourisme - Conseil
Départemental de l’Isère), C3S European Tourism (funded through a
Copernicus Climate Change Services contract) and PROSNOW (funding
from the European Union’s Horizon 2020 Research and Innovation
Programme under grant agreement no. 730203).
Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References
Abegg B (1996) Klimaänderung und Tourismus. Klimafolgenforschung
am Beispiel des Wintertourismus in den Schweizer Alpen. vdf
Verlag, Zurich
Abegg B (2012) Natürliche und technische Schneesicherheit in einer
wärmeren Zukunft. In: Swiss Federal Institute for Forest, Snow
and Landscape Research WSL (ed) Alpine Schnee- und
Wasserressourcen gestern, heute und morgen, Davos, pp 29–35
Abegg B, Agrawala S, Crick F, de Montfalcon A (2007) Climate change
impacts and adaptation in winter tourism. In: Agrawala S (ed)
Climate change in the European Alps. Adapting winter tourism
and natural hazards management. OECD, Paris, pp 25–60
Abegg B, Steiger R, Trawöger L (2017) Resilience and perceptions of
problems in alpine regions. In: Butler RW (ed) Tourism and resilience. CABI Publications, Wallingford, pp 105–117
Barbier B (1978) Ski et stations de sports d’hiver dans le monde. In:
Sinnhuber K, Jülg F (eds) Beiträge zur Fremdenverkehrsgeographie
I. Wiener Geographische Schriften 51/52, Vienna, pp 130–146
Bark RH, Colby BG, Dominguez F (2010) Snow days? Snowmaking
adaptation and the future of low latitude, high elevation skiing in
Arizona, USA. Clim Chang 102:467–491. https://doi.org/10.1007/
s10584-009-9708-x
Bartelt P, Lehning M (2002) A physical SNOWPACK model for the
Swiss avalanche warning. Cold Reg Sci Technol 35(3):123–145.
https://doi.org/10.1016/S0165-232X(02)00074-5
Beniston M, Farinotti D, Stoffel M et al (2018) The European mountain
cryosphere: a review of its current state, trends, and future challenges.
Cryosphere 12:759–794. https://doi.org/10.5194/tc-12-759-2018
Berghammer A, Schmude J (2014) The Christmas—Easter shift: simulating Alpine ski resorts’ future development under climate change

700
conditions using the parameter ‘Optimal Ski Day’. Tour Econ 20(2):
323–336. https://doi.org/10.5367/te.2013.0272
Bürki R (2000) Klimaänderung und Anpassungsprozesse im
Wintertourismus. Publikation der Ostschweizerischen
Geographischen Gesellschaft, Heft 6, St. Gallen
China Meteorological Administration (2017) Meteorological Index of
Skiing. http://www.cma.gov.cn/root7/auto13139/201801/
P020180117582991585090.pdf, Accessed 18 Feb 2019
Dawson J, Scott D (2010) System analysis of climate change vulnerability for the US Northeast ski sector. Tour Hosp Plann Dev 7:219–235.
https://doi.org/10.1080/1479053X.2010.502383
Dawson J, Scott D (2013) Managing for climate change in the
alpine ski sector. Tour Manag 35:244–254. https://doi.org/10.
1016/j.tourman.2012.07.009
Demiroglu OC, Dannevig H, Aall C (2018) Climate change acknowledgement and responses of summer (glacier) ski tourists in
Norway. Scand J Hosp Tour 18(4):419–438. https://doi.org/10.
1080/15022250.2018.1522721
Demiroglu OC, Turp MT, Kurnaz ML, Abegg B (2019) The Ski Climate
Index (SCI): fuzzification and a regional climate modelling based
application for Turkey. International Journal of Biometeorology
(this issue)
Durand Y, Giraud G, Laternser M, Etchevers P, Mérindol L, Lesaffre B
(2009) Reanalysis of 47 years of climate in the French Alps (1958–
2005): climatology and trends for snow cover. J Appl Meteorol
Climatol 48:2487–2512. https://doi.org/10.1175/2009JAMC1810.1
Elsasser H, Bürki R (2002) Climate change as a threat to tourism in the
Alps. Clim Res 20:253–257. https://doi.org/10.3354/cr020253
Föhn P (1990) Schnee und Lawinen. In: Schnee, Eis und Wasser der
Alpen in einer wärmeren Atmosphäre, Mitteilungen VAW ETH
Zurich 108, Zurich, pp 33–48
François H, Morin S, Lafaysse M, George-Marcelpoil E (2014) Crossing
numerical simulations of snow conditions with a spatially-resolved
socio-economic database of ski resorts: a proof of concept in the
French Alps. Cold Reg Sci Technol 108:98–112. https://doi.org/
10.1016/j.coldregions.2014.08.005
Galloway RW (1988) The potential impact of climate changes on
Australian ski fields. In: Pearman GI (ed) Greenhouse: planning
for climate change. CSIRO, Melbourne, pp 428–437
Gobiet A, Kotlarski S, Beniston M, Heinrich G, Rajczak J, Stoffel M
(2014) 21st century climate change in the European Alps—A review. Sci Total Environ 493:1138–1151. https://doi.org/10.1016/j.
scitotenv.2013.07.050
Hanzer F, Marke T, Strasser U (2014) Distributed, explicit modelling of
technical snow production for a ski area in the Schladming Region
(Austrian Alps). Cold Reg Sci Technol 108:113–124. https://doi.
org/10.1016/j.coldregions.2014.08.003
Hanzer F, Carmagnola C, Ebner PP et al. (2018) Simulating snow conditions in ski resorts with the physically based snowpack models
AMUNDSEN, Crocus, and SNOWPACK/Alpine3D. International
Snow Science Workshop Proceedings 2018, Innsbruck, pp 517–
524. https://arc.lib.montana.edu/snow-science/item.php?id=2588
Hartl L, Fischer A, Olefs M (2018) Analysis of past changes in wet bulb
temperature in relation to snow making conditions based on long
term observations Austria and Germany. Glob Planet Chang 167:
123–136. https://doi.org/10.1016/j.gloplacha.2018.05.011
Heink U, Kowarik U (2010) What are indicators? On the definition of
indicators in ecology and environmental planning. Ecol Indic 10(3):
584–593. https://doi.org/10.1016/j.ecolind.2009.09.009
Hendrikx J, Hreinsson E (2012) The potential impact of climate change
on seasonal snow in New Zealand: Part II—industry vulnerability
and future snowmaking potential. Theor Appl Climatol 110:619–
630. https://doi.org/10.1007/s00704-012-0713-z
Hennessy K, Whetton P, Walsh K, Smith IN, Bathols J, Hutchinson M,
Sharples J (2008) Climate change effects on snow conditions in

Int J Biometeorol (2021) 65:691–701
mainland Australia and adaptation at ski resorts through snowmaking. Clim Res 35:255–270. https://doi.org/10.3354/cr00706
Hock R, Rasul G, Adler, C et al. (2020) Chapter 2: high mountain areas.
In: IPCC Special Report on Ocean and Cryosphere in a Changing
Climate, http://report.ipcc.ch/srocc/pdf/SROCC_FinalDraft_
Chapter2.pdf
IPCC (1992) IPCC first assessment report, overview and policymaker
summaries and 1992 IPCC supplement. Intergovernmental Panel
on Climate Change, https://archive.ipcc.ch/ipccreports/1992%
20IPCC%20Supplement/IPCC_1990_and_1992_Assessments/
English/ipcc_90_92_assessments_far_full_report.pdf
König U, Abegg B (1997) Impacts of climate change on tourism in the
Swiss Alps. J Sustain Tour 5(1):46–58. https://doi.org/10.1080/
09669589708667275
Lang DJ, Wiek A, Bergmann M et al (2012) Transdisciplinary research in
sustainability science: practice, principles, and challenges. Sustain
Sci 7(1):25–43. https://doi.org/10.1007/s11625-011-0149-x
Marke T, Strasser U, Hanzer F, Wilcke R, Gobiet A, Stötter J
(2015) Scenarios of future snow conditions in Styria
(Austrian Alps). J Hydrometeorol 16:261–277. https://doi.
org/10.1175/JHM-D-14-0035.1
Marke T, Hanzer F, Olefs M, Strasser U (2018) Simulation of past changes in the Austrian snow cover 1948–2009. J Hydrometeorol 19:
1529–1545. https://doi.org/10.1175/JHM-D-17-0245.1
Mayer M, Demiroglu OC, Ozcelebi O (2018) Microclimatic volatility
and elasticity of glacier skiing demand. Sustainability 10(10):3536.
https://doi.org/10.3390/su10103536
Messerli P (1990) Tourismusentwicklung in einer unsicheren Umwelt.
Die Volkswirtschaft 12:21–27
Mieczkowski Z (1990) World trends in tourism and recreation. Peter
Lang Publishing, New York
Moss RH, Edmonds JA, Hibbard KA, Manning MR, Rose SK, van
Vuuren D, Carter TR, Emori S, Kainuma M, Kram T, Meehl GA,
Mitchell JF, Nakicenovic N, Riahi K, Smith SJ, Stouffer RJ,
Thomson AM, Weyant JP, Wilbanks TJ (2010) The next generation
of scenarios for climate change research and assessment. Nature
463:747–756. https://doi.org/10.1038/nature08823
Pickering C (2011) Changes in demand for tourism with climate
change: a case study of visitation patterns to six ski resorts
in Australia. J Sustain Tour 19:767–781. https://doi.org/10.
1080/09669582.2010.544741
Pons M, López-Moreno JI, Rosas-Casals M, Jover È (2015) The vulnerability of Pyrenean ski resorts to climate-induced changes in the
snowpack. Clim Chang 131:591–605. https://doi.org/10.1007/
s10584-015-1400-8
Rixen C, Teich M, Lardelli C, Gallati D, Pohl M, Pütz M, Bebi P (2011)
Winter tourism and climate change in the Alps: an assessment of
resource consumption, snow reliability, and future snowmaking potential. Mt Res Dev 31(3):229–236. https://doi.org/10.1659/MRDJOURNAL-D-10-00112.1
Schmucki E, Marty C, Fierz C, Weingartner R, Lehning M (2017)
Impacts of climate change in Switzerland on socioeconomic snow
indices. Theor Appl Climatol 127:875–889. https://doi.org/10.1007/
s00704-015-1676-7
Scott D, McBoyle G (2007) Climate change adaptation in the ski industry.
Mitig Adapt Strateg Glob Chang 12:1411–1431. https://doi.org/10.
1007/s11027-006-9071-4
Scott D, McBoyle G, Mills B (2003) Climate change and the skiing
industry in southern Ontario (Canada): exploring the importance
of snowmaking as a technical adaptation. Clim Res 23:171–181.
https://doi.org/10.3354/cr023171
Scott D, McBoyle G, Minogue A, Mills B (2006) Climate change and the
sustainability of ski-based tourism in eastern North America: a reassessment. J Sustain Tour 14:376–398. https://doi.org/10.2167/
jost550.0

Int J Biometeorol (2021) 65:691–701
Scott D, McBoyle G, Minogue A (2007) Climate change and Quebec’s
ski industry. Glob Environ Chang 17:181–190. https://doi.org/10.
1016/j.gloenvcha.2006.05.004
Scott D, Dawson J, Jones B (2008) Climate change vulnerability
of the US Northeast winter recreation-tourism sector. Mitig
Adapt Strateg Glob Chang 13:577–596. https://doi.org/10.
1007/s11027-007-9136-z
Scott D, Hall CM, Gössling S (2012) Tourism and climate change –
impacts, adaptation and mitigation. Routledge, London/New York
Smeets E, Weterings R (1999) Environmental indicators: typology and
overview. European Environment Agency Technical Report No 25
https://www.eea.europa.eu/publications/TEC25/at_download/file,
Accessed 27 February 2019
Spandre P, François H, Morin S and George-Marcelpoil E (2015)
Snowmaking in the French Alps. Climatic context, existing
facilities and outlook. J Alpine Res 103–2, doi:https://doi.org/
10.4000/rga.2913
Spandre P, François H, George-Marcelpoil E, Morin S (2016a) Panel
based assessment of snow management operations in French ski
resorts. J Outdoor Recreat Tour 16:24–36. https://doi.org/10.1016/
j.jort.2016.09.002
Spandre P, Morin S, Lafaysse M, Lejeune Y, François H, GeorgeMarcelpoil E (2016b) Integration of snow management processes
into a detailed snowpack model. Cold Reg Sci Technol 125:48–64.
https://doi.org/10.1016/j.coldregions.2016.01.002
Spandre P, François H, Verfaillie D, Lafaysse M, Déqué M, Eckert N,
George E, Morin S (2019a) Climate controls on snow reliability in
French Alps ski resorts. Sci Rep 9:8043. https://doi.org/10.1038/
s41598-019-44068-8
Spandre P, François H, Verfaillie D, Pons M, Vernay M, Lafaysse M,
George E, Morin S (2019b) Winter tourism under climate change
in the Pyrenees and the French Alps: relevance of snowmaking as a
technical adaptation. Cryosphere 13:1325–1347. https://doi.org/10.
5194/tc-13-1325-2019
Steger C, Kotlarski S, Jonas T, Schär C (2013) Alpine snow cover in a
changing climate: a regional climate model perspective. Clim Dyn
41:735–754. https://doi.org/10.1007/s00382-012-1545-3
Steiger R (2010) The impact of climate change on ski season length and
snowmaking requirements in Tyrol, Austria. Clim Res 43:251–262.
https://doi.org/10.3354/cr00941
Steiger R, Abegg B (2013) The sensitivity of Austrian ski areas to climate
change. Tour Hosp Plann Dev 10:480–493. https://doi.org/10.1080/
21568316.2013.804431
Steiger R, Mayer M (2008) Snowmaking and climate change. Future
options for snow production in Tyrolean ski resorts. Mt Res Dev
28(3/4):292–298. https://doi.org/10.1659/mrd.0978

701
Steiger R, Stötter J (2013) Climate change impact assessment of ski
tourism in Tyrol. Tour Geogr 15:577–600. https://doi.org/10.1080/
14616688.2012.762539
Steiger R, Scott D, Abegg B, Pons M, Aall C (2019) A critical review of
climate change risk for ski tourism. Curr Issue Tour 22:1343–1379.
https://doi.org/10.1080/13683500.2017.1410110
Strasser U (2008) Modelling of the mountain snow cover in the
Berchtesgaden National Park, Berchtesgaden National Park research
report 55, Berchtesgaden
Strasser U, Vilsmaier U, Prettenthaler F, Marke T, Steiger R,
Damm A, Hanzer F, Wilcke R, Stötter J (2014) Coupled
component modelling for inter- and transdisciplinary climate
change impact research: dimensions of integration and examples of interface design. Environ Model Softw 60:180–187.
https://doi.org/10.1016/j.envsoft.2014.06.014
Strasser U, Warscher M, Hanzer F, Rothleitner M (2019) Das Modell
AMUNDSEN - Flächenverteilte Simulation technischer
Beschneiung, Themenbereich: Skisport und Umwelt. In: Roth R
(ed) Positionspapier Expertenforum Klima.Schnee.Sport, pp 52–59
Trawöger E (2014) Convinced, ambivalent or annoyed: Tyrolean ski
tourism stakeholders and their perceptions of climate change. Tour
Manag 40:338–351. https://doi.org/10.1016/j.tourman.2013.07.010
Verfaillie D, Déqué M, Morin S, Lafaysse M (2017) The method
ADAMONT v1.0 for statistical adjustment of climate projections
applicable to energy balance land surface models. Geosci Model
Dev 10(11):4257–4283. https://doi.org/10.5194/gmd-10-4257-2017
Verfaillie D, Lafaysse M, Déqué M, Eckert N, Lejeune Y, Morin S (2018)
Multi-component ensembles of future meteorological and natural
snow conditions for 1500 m altitude in the chartreuse mountain
range, northern French Alps. Cryosphere 12(4):1249–1271. https://
doi.org/10.5194/tc-12-1249-2018
Vionnet V, Brun E, Morin S, Boone A, Faroux S, Moigne PL, Martin E,
Willemet JM (2012) The detailed snowpack scheme Crocus and its
implementation in SURFEX v7.2. Geosci Model Dev 5(3):773–
791. https://doi.org/10.5194/gmd-5-773-2012
Wanner H, Speck H (1975) Zum Problem der Schneesicherheit im
Bergland zwischen Sense und Gürbe. Informationen und Beiträge
zur Klimaforschung 14, Bern, pp 16–35
Witmer U (1986) Erfassung, Bearbeitung und Kartierung von
Schneedaten in der Schweiz, Geographica Bernensia G25, Bern
Publisher's note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

