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Abstract

Climate change is a threat to the snow-dependent winter tourism industry. In this paper, the impact 
of  climate change on the snow reliability of  228 Austrian ski areas was investigated using a ski season 
and snowmaking simulation model (SkiSim 2.0). The results show that snowmaking can balance the 
negative impacts of  climate change on snow up to a warming of  2 °C, but with high regional differ-
ences, i. e. higher and earlier impacts in the East. A multiplying of  current snow production required 
in a warmer climate marks snowmaking as being no long-term adaptation measure for the Austrian 
winter tourism industry.
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1 Introduction

Climate change is a threat to the snow-dependent winter tourism industry. Decreas-
ing snow trends on the one hand (e. g. Laternser & Schneebeli 2003 for Switzer-
land; Durand et al. 2009 for France; Pons et al. 2009 for Spain; Schöner et al. 2009 
for Austria) and the economic relevance of  winter tourism in many mountain re-
gions on the other hand have led to a wide range of  climate impact studies. While 
first generation impact studies considered natural snow only (e. g. McBoyle & Wall 
1987, Canada; Galloway 1988, Australia; Abegg 1996, Switzerland), second genera-
tion studies also incorporated snowmaking and thus considered a potential climate 
change adaptation measure in their assessments (e. g. Scott et al. 2003, Canada; Hen-
nessy et al. 2008, Australia; Steiger & Mayer 2008; Steiger 2010, Austria). The impact 
of  climate change on the ski tourism industry was found to be lower in second gen-
eration studies, but current snowmaking technology is likely to reach both climatic 
limits (i. e. temperatures too high to produce enough snow) and economic limits 
(increasing snowmaking costs) in the next decades (Scott et al. 2008; Steiger 2010). 

In terms of  global skier days, Austria is ranked third behind the US and France 
with a share of  15% (Vanat 2010). The winter tourism sector is estimated to gener-
ate € 7.4 billion to € 11.4 billion (the latter including multiplier effects), representing 
3.2 to 4.9% of  the Austrian GDP (Arbesser et al. 2010). Due to comparatively low 
elevated ski areas, especially in the eastern part of  the country, climate change is as-
sumed to have severe impacts on Austrian ski areas (Abegg et al. 2007; Breiling et al. 
1997). However, Abegg et al. (2007) and Breiling et al. (1997) did not consider snow-
making, and Steiger (2010) only investigated the impacts on three case studies in Ty-
rol/Austria. This represents a major limitation, as e. g. in Austria snow can be pro-
duced on about 66% of  all ski slopes (Fachverband der Seilbahnen Österreichs 2011).
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This paper aims to overcome this limitation by using established methods and 
indicators to assess the impacts of  climate change on Austrian ski areas. A ski sea-
son and snowmaking simulation model “SkiSim 2.0” (Steiger 2010) was applied for 
228 Austrian ski areas. SkiSim 2.0 is a further development of  the Canadian SkiSim 
model with applications in Canada (Scott et al. 2003; Scott et al. 2007) and the US 
Northeast (Dawson & Scott 2010; Scott et al. 2008). By using the 100-days rule and 
ski area data (e. g. mean altitude and definition of  ski areas) of  Abegg et al. (2007), 
results can be directly compared to the so-far most comprehensive climate change 
impact study published by the OECD in 2007 covering 666 ski areas across the Alps 
(France, Switzerland, Germany, Austria and Italy) (Abegg et al. 2007). 

2 Methodology

2.1 SkiSim 2.0 – a ski season and snowmaking simulation model

SkiSim 2.0 is a degree-day model simulating snow depth on a daily basis with tem-
perature and precipitation as input data. Snow production is calculated on an hourly 
basis by linear interpolation of  daily minimum and maximum temperature result-
ing in potential snowmaking hours with air temperature ≤ −5 °C. The production 
capacity is set to 10 cm/day and represents a current state-of-the-art snowmaking 
system (i. e. three days required to open the ski slope). Snow is produced if  the day 
is within the snowmaking season dates (Nov 1–Mar 31) and if  modelled snow depth 
is below a calibrated critical snow depth.

This calibrated critical snow depth represents the practitioners’ experience on the 
amount of  snow required. Thus this threshold is calibrated to maintain a ski season 
until April 1 in 90% of  all winters in a 30-year period being based on interviews with 
ski area managers conducted between 2007 and 2010 in Tyrol (Austria). More details 
on the model procedures can be found in Steiger (2010).

Meteorological data was provided by the Central Institute of  Meteorology and 
Geodynamics (ZAMG). Stations were excluded from the database, if  data gaps of  
more than 10 days per season were detected, or if  no data was available in the pe-
riod 1981–1999. Snowfall temperature and the degree-day factor was calibrated for 
each station separately for the period 1981/82 to 1989/90 and validated for the pe-
riod 1990/91 to 1998/99. The evaluation of  model performance at the remaining 
53 stations at altitudes between 295–2,304 m showed a maximum negative (positive) 
deviation of  modelled to measured snow cover days of  −8.5 % (5.0%) with −1.8% 
mean and 3.1% standard deviation in the validation period. It can thus be concluded 
that SkiSim 2.0 performs well for multi-year averages of  snow cover duration at dif-
ferent altitudes and regions within Austria and is suitable for climate change impact 
assessments in the skiing tourism industry.

Each of  the 228 ski areas was assigned to a climate station with the nearest neigh-
bour principle. In some cases, e. g. when the nearest climate station was north of  
the main alpine divide and the ski area was south of  the divide resulting in potential 
high climatic differences, an alternative station with longer distance to the ski area, 
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but a similar climate was chosen. Temperature and precipitation were extrapolated 
to the mid-station of  each ski area. The mid-station of  a ski area is the mean altitude 
between the lowest and the highest point of  a ski area. The lapse rate for precipita-
tion was pre-set with 3%/100 m. For temperature the lapse rate was derived for each 
station using an additional station at higher altitude (up to 3,105 m). In order to ad-
equately represent temperature inversions, which can be quite persistent in Decem-
ber and January, the lapse rate was derived on a monthly basis for dry and wet days 
separately (precipitation < 1 mm and ≥ 1 mm, respectively). The mean lapse rate 
between November and April at the 53 stations on dry days was 0.3 °C/100 m, on 
wet days 0.5 °C/100 m. The overall mean in the winter half  year was 0.39 °C/100 m 
which corresponds well with findings of  Kunz et al. (2007) who derived a similar 
winterly lapse rate for Swiss stations.

2.2 Climate change scenarios

Due to uncertainties underlying climate model data, it is recommended to use a mul-
ti-model ensemble of  climate models as well as greenhouse gas emission scenarios 
for climate change impact assessments (Semenov & Stratonovitch 2010). Though 
the use of  multi-model ensembles for uncertainty analysis is out of  question, hypo-
thetical warming scenarios were used in this paper to be able to assess the sensitivity 
of  ski areas to specific temperature increases. A positive side-effect is that results can 
be directly compared to Abegg et al. (2007).

In contrast to Abegg et al. (2007) who only used a +1 °C, +2 °C and +4 °C sce-
nario, eight future scenarios from +0.5 °C to +4 °C in 0.5 °C steps were simulated 
in this study. The meteorological data was perturbed by the climate change signal 
using a stochastic weather generator (“LARS-WG5”, Semenov & Barrow 1997) pro-
ducing daily time series of  future, “synthetic” weather. The reference period was set 
to the climatological normal period 1961–1990. For climate stations with a shorter 
time series, the warming signal was adjusted with a correction factor. This factor was 
derived from a reference station with a long time series covering both the reference 
period and the period of  available data at the specific station. 

2.3 Assessing the sensitivity of  ski areas to climate change

In order to assess the ski areas’ sensitivity to climate change, thresholds or indica-
tors are required to describe potential changes. A ski area can be considered viable 
if  snow conditions are sufficiently reliable for a profitable ski operation. A common 
indicator for profitable ski operation (often to referred as snow reliability), also con-
firmed by ski area managers, is the so-called 100-days rule (Abegg 1996; Abegg et 
al. 2007; Scott et al. 2008). It states that a ski area can be considered snow reliable, if  
a ski season with a length of  at least 100 days (snow depth ≥ 30 cm) in 7 out of  10 
winter seasons can be provided at the mid station of  a ski area (Abegg 1996). 
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Table 1: Required snow production (temperature-independent) per province.

Province Ref. 0.5 °C 1 °C 1.5 °C 2 °C 2.5 °C 3 °C 3.5 °C 4 °C

(cm) change of required snow production (%)

V 24 26 59 103 158 228 315 419 541
T 16 15 35 62 98 150 220 312 423
S 21 16 36 63 101 157 236 331 452
C 26 19 43 72 108 151 200 257 324
UA 26 26 68 130 211 302 408 526 661
LA 43 24 56 94 136 180 227 278 333
ST 28 16 36 61 95 140 198 267 348
A 23 18 42 72 113 167 237 322 425

V (Vorarlberg); T (Tyrol); S (Salzburg); C (Carinthia); UA (Upper Austria); LA (Lower Austria); ST (Styria); A (Austria). 

Upper, Lower Austria and Styria, the low mean altitudes of  ski areas are responsible 
for a low share of  naturally snow reliable ski areas. 

The share of  snow reliable ski areas including snowmaking in Tyrol, Vorarlberg 
and Salzburg decreases rather slowly up to a warming of  1.5–2 °C, whereas in the 
eastern provinces a warming of  only 0.5–1.5 °C is sufficient to more than halve the 
number of  snow reliable ski areas (Figure 2). Current snowmaking technology will 
be ineffective in almost all ski areas in all Austrian provinces in a 4 °C scenario.

Assuming a temperature-independent snowmaking technology in the model, the 
required amount of  snow to guarantee a 100-days season can be calculated. On aver-
age, produced snow volumes must be at least doubled in a 2 °C scenario in all prov-
inces (Table 1). In Upper, Lower Austria and Vorarlberg a doubling would already 
be needed in a 1.5 °C scenario. In a 4 °C scenario, at least the four-fold (Carinthia, 
Lower Austria and Styria) up to a seven-fold (Upper Austria) of  current snow pro-
duction would be required. Even if  temperature limits of  snowmaking technology 
can be raised to be technically able to produce snow in a warmer climate, a multiple 
of  the current snow production would be required due to less natural snowfalls and 
higher melt-rates. Thus snowmaking is no long-term strategy due to economic and 
ecologic concerns of  such an increase of  resource use.

4 Discussion

This is the first study to investigate the impacts of  climate change on skiing tourism 
in Austria also considering snowmaking. By simulating the impacts both on natural 
snow conditions and on snow conditions including snowmaking, the results can be 
compared to previous studies. The results from Abegg et al. (2007) only considering 
natural snow conditions are within the SkiSim results with and without snowmaking 
(Figure 3). Two reasons are basically responsible for the difference of  results: 

First, Abegg et al. (2007) used a statistical-empirical relationship for their assess-
ments. They assumed that the 100-days rule is fulfilled at 1,200 m in the western 
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lenge to the Austrian ski industry. It was shown that the impact of  climate change 
can be balanced with snowmaking, but it was also shown that the sensitivity of  ski 
areas including snowmaking to a warming differs greatly (i. e. the impacts are gen-
erally earlier in the eastern parts of  Austria) and that snowmaking is no adaptation 
measure towards a warming of  more than 2 °C. 

Surveys and the investments of  the past decade show that ski area managers are 
confident that snowmaking will be an adequate adaptation measure in the upcoming 
decades to deal with climate variability and change (Abegg et al. 2008; Wolfsegger et 
al. 2008). This confidence can be partly confirmed by the SkiSim 2.0 model results, 
but (i) the suitability of  snowmaking to guarantee a 100-days season differs greatly 
between the provinces (see Figure 2) and (ii) although snowmaking will technically 
be possible even in a warmer climate, resource use (water, energy) would multiply 
for snow production (see Table 1). Currently, about 10–20% of  the annual turnover 
is spent for snowmaking (Steiger 2010), marking it as an important cost factor. It is 
questionable, whether ski areas are able to cope with greatly increasing costs and/
or if  the customer is willing to pay for it. A further reduction of  the ski area supply 
is very likely, where small to medium sized ski areas need to cease operation which 
in turn could negatively influence demand, if  reasonably priced ski areas in vicinity 
to agglomerations (day-trips) vanish. Apart from the economic perspective, ecologi-
cal concerns arise from the projected increase of  snow production: Though water 
is not consumed but rather temporally stored on the ski slopes in the winter season 
and redistributed to the system in spring, water for snowmaking needs to be stored 
in ponds and lakes over the course of  the summer season to be readily available for 
use in autumn. In rather dry regions in the Alps conflicts of  water usage might arise, 
especially where high tourism intensity (higher per capita water consumption) ac-
companies intense irrigation agriculture (e. g. parts of  South Tyrol/Italy). Last but 
not least, energy consumption is a major concern. As snowmaking is less energy 
efficient at higher temperatures (Teich et al. 2007), the increases of  energy use are 
likely to be greater than the required growth rates for snowmaking as illustrated in 
Table 1. Such an increase of  energy consumption contradicts climate change mitiga-
tion goals. Tourism as a sector being highly dependent on natural resources would 
be well-advised to be a forerunner in environmental issues and especially in climate 
change mitigation. 
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