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ABSTRACT

A hydrometeorological model chain is applied to investigate climate change effects on natural and artificial

snow conditions in the Schladming region in Styria (Austria). Four dynamically refined realizations of the

IPCCA1B scenario covering the warm/cold and wet/dry bandwidth of projected changes in temperature and

precipitation in the winter half-year are statistically downscaled and bias corrected prior to their application

as input for a physically based, distributed energy-balance snow model. However, owing to the poor skills in

the reproduction of past climate and snow conditions in the considered region, one realization had to be

removed from the selection to avoid biases in the results of the climate change impact analysis. The model’s

capabilities in the simulation of natural and artificial snow conditions are evaluated and changes in snow

conditions are addressed by comparing the number of snow cover days, the length of the ski season, and the

amounts of technically produced snow as simulated for the past and the future. The results for natural snow

conditions indicate decreases in the number of snow cover days and the ski season length of up to .25 and

.35 days, respectively. The highest decrease in the calculated ski season length has been found for elevations

between 1600 and 2700m MSL, with an average decrease rate of ;2.6 days decade21. For the exemplary ski

site considered, the ski season length simulated for natural snow conditions decreases from .50 days at

present to ;40 days in the 2050s. Technical snow production allows the season to be prolonged by ;80 days

and hence allows ski season lengths of ;120 days until the end of the scenario period in 2050.

1. Introduction

Mountain ecosystems are known to be particularly

vulnerable to climate change (EEA 2012). To inves-

tigate climate change effects in Alpine regions, scenario

simulations represent suitable tools in a wide range of

applications (Mauser and Ludwig 2002), the modeling

of future climate and natural snow cover being impor-

tant examples (Liston 2004; Strasser 2008; Strasser and

Marke 2010). Investigating potential changes in the

spatial and temporal evolution of the Alpine (natural)

snow cover seems particularly important as the temporal

storage of water in the snowpack and the related water

release in spring affect soil moisture conditions and

evapotranspiration, as well as runoff generation, timing,

and magnitude (Kane et al. 1991; Hinzman et al. 1996;

Marsh 1999; Luce et al. 1998). InAlpine headwatersheds,

snow distributions further play a crucial role for water

availability in downstream regions, where water is utilized

in a domestic, industrial, or agricultural context.

From a socioeconomic view, snow availability and

reliability represent prerequisites for snow-related sport

activities and hence are key factors for Alpine winter

tourism (EEA 2012). According to Elsasser andMesserli

(2001), this dependence of the tourism sector on snow

availability in Alpine areas has even increased over the

past several years.

The complex topographic conditions in mountain re-

gions make both the generation of future climate sce-

narios [here by regional climate models (RCMs)] and

the adequate representation of all processes that deter-

mine snow accumulation and ablation exceptionally de-

manding (Blöschl 1999; Cline et al. 1998). Nonetheless,
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the generation of scenarios of future snow conditions,

including natural snow conditions and technical snow

production, is highly desirable.

Considering the simulation of climate conditions,

present-generation RCMs provide raster resolutions of

50–10 km (e.g., Christensen and Christensen 2007; Loibl

et al. 2007; Hewitt and Griggs 2004). Owing to the re-

maining gap between the spatial resolution of RCMs

($104m) and that of impact models operating at the

land surface (101–103m), the application of statistical

downscaling techniques still represents a prerequisite

for scenario simulations with hydrometeorological model

chains (Marke 2008; Marke et al. 2011a,b). Wilby and

Wigley (1997) and Fowler et al. (2007) provide an exten-

sive review on different downscaling techniques and their

performance in the view of hydrological modeling. Most

statisticalmethods are comparatively inexpensive in terms

of computational costs, which can be amajor advantage in

many applications. They further bring the benefit that

biases in terms of deviations from observed climatological

conditions can be corrected in the downscaling process

(Marke et al. 2011b). However, many empirical methods

only produce data valid in a climatological sense, owing to

their very design. Often it is most desirable to develop

downscaling methods that allow for application and

comparison to observations at shorter (i.e., from daily to

hourly) time scales, particularly in hydrological studies.

For mountain (natural) snow cover modeling, a lot of

scientific effort has been put into the discussion of which

type of model to use for what purpose (Klemes 1990;

WMO 1986). Simple and computationally inexpensive

temperature-index models have proven to be suitable

for snowmelt modeling, sometimes even outperforming

the more complex energy-balance models at the catch-

ment scale (Hock 2003). Requiring only near-surface air

temperature and precipitation as meteorological forc-

ings, these models have little demand on meteorological

input and can be applied in a wide range of geographic

regions and climatic settings. As the applied melt factors

vary in space and time and are often calibrated to best

possibly reproduce observedmelt rates, index models are

limited in spatial and temporal transferability. This

somehow limits their applicability in climate change im-

pact studies (Hock 2003; Warscher et al. 2013). More-

over, calculating snowmelt on the basis of temperature

only, classic temperature index models are not able to

reproduce spatial variability induced by topographic ef-

fects like orographic shading, slope, and aspect (Hock

2003). Naturally, these effects can be decisive in moun-

tainous terrain where steep gradients in meteorological

variables (e.g., global radiation) exist over short distances

because of complex topographic conditions. Deter-

ministic (process oriented) snow cover models like the

energy- and mass-balance model ISNOBAL (Marks

1988), Snow Thermal Model (SNTHERM) (Jordan

1991), or SnowModel (Liston and Elder 2006a) describe

the physics of most important surface processes (e.g.,

turbulent and radiative fluxes in the boundary layer) and,

hence, are considered transferable in space and time.

Such models explicitly calculate the energy balance of

a snow surface, a snowpack, or sometimes even for dif-

ferent snow layers for everymodel time step fromminutes

to hours. Hence, they are demanding in terms of meteo-

rological input variables as well as computational re-

sources. A more comprehensive overview of distributed

snow modeling and snow process modeling in different

applications is given byKirnbauer et al. (1994), Fierz et al.

(2003), andMarsh (1999). Besides a calculation of natural

snow conditions, the production of technical snow, which

represents one of the most important climate change ad-

aptation measures in Alpine ski areas (Abegg et al. 2008;

Wolfsegger et al. 2008), needs to be considered in nu-

merical models as soon as climate change impacts on

Alpine winter tourism are intended to be investigated.

While approaches for the simulation of technical snow

have been developed in the past (Steiger 2010; Schmidt

et al. 2012; Scott et al. 2003; Formayer et al. 2009), these

models are point based or semidistributed (in altitudinal

bands) and often merely provide the potential for snow

production. To the knowledge of the authors, no models

currently exist that explicitly quantify technical snow

production in a physically based, spatially distributed

simulation of the mountain snow cover.

This study presents the results of the projects CC-Snow

and CC-Snow II (funded by the Climate and Energy

Fund of the Austrian Climate Research Programme; see

www.cc-snow.at for details on the projects), where im-

proved future climate scenario simulations have been

utilized in combination with a physically based, energy-

balance snow model to determine the effect of climate

change on future natural and artificial snow conditions in

the AustrianAlps. In this paper, results are shown for the

Schladming region (Styria, Austria; see Fig. 1). The study

site represents a typical Austrian winter destination and

host of the ski world championships in 2013 (www.

schladming2013.at). The main research questions to be

addressed exemplarily for the Schladming region are as

follows:

d How does the natural snow cover change in response

to climate change?
d How is the ski season length in the ski areas affected

by these changes in the natural snow cover?
d To what extent can technical snow production help to

compensate decreases in the ski season length in the

ski areas?
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FIG. 1. Study site of the Schladming region in the province of Styria (dotted square)

in Austria. The triangles indicate the location of meteorological stations, and the community

of Schladming is marked with a circle. While simulations have only been carried out for the

inner part (black rectangle), meteorological stations in the outer frame have additionally

been considered in the interpolation of meteorological data. The numbers framing the

digital elevation model represent grid coordinates [m; coordinate reference system

Militärgeographischen Institutes (MGI)/Austria Lambert].
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To answer these questions, a pragmatic approach for

the simulation of technical snow production has been

developed and integrated in a distributed, physically

based snow model. The applied snow model has spe-

cifically been developed for the simulation of snow

conditions in high mountain regions. As the model does

not include calibrated components but applies physi-

cally based descriptions of the processes that determine

the temporal and spatial variability of the snow cover in

the complex topography of theAlps (e.g., the simulation

of short- and longwave radiative fluxes including con-

sideration of orographic shadows and cloudiness as well

as multiple and terrain reflections), the model is con-

sidered transferable in time and hence is particularly

suited for scenario simulations. Four realizations of the

Intergovernmental Panel on Climate Change (IPCC)

A1B scenario (Nakicenovic and Swart 2000) have been

selected, downscaled, bias corrected, and used as input

for the snow model to simulate past and potential future

snow conditions with a focus on the number of days with

snow cover as well as the ski season length and the

amount of technically produced snow (for a schematic

overview of the workflow, see Fig. 2). Please note that

due to unsatisfying performance in the reproduction of

past climate conditions in the study site, one combination

of a global and a regional climate model (HadCM2Q16

provided by C4I) has been removed from the selection of

realizations.

For the downscaling and bias correction of RCMdata,

an empirical statistical method, quantile mapping

(Themeßl et al. 2011) has been applied. This state-

of-the-art approach allows for the application and

interpretation of RCM simulations at high temporal

resolution (subdaily values) and is computationally ef-

ficient. Changes in future snow conditions are addressed

for the whole study domain of the Schladming region in

the case of natural snow conditions and for an exemplary

ski area in the Schladming region considering natural

snow as well as technically produced snow. Thereby, two

approaches are followed for the analysis of changes in

snow conditions:

d The mean snow conditions for a reference period

(1971–2000) are compared to those of a scenario period

(2021–50). This approach is particularly suited to

analyze and illustrate changes in the spatial distribution

of snow conditions.
d Acontinuous evolution of snow conditions is provided

and analyzed for the years 1961–2050. This approach is

particularly suited to analyze and illustrate the tem-

poral evolution of snow conditions. It is applied in

context with area means only, but allows the analysis

of trends in the time series.

The names and locations of the ski areas are not

provided to ensure the anonymity of the cooperating ski

areas. The snow scenarios presented in this paper rep-

resent a basis for further investigations of climate

change effects on winter tourism and economy in the

Schladming region as carried out as part of the follow-up

project CC-Snow II.

2. Methods

a. The snow model AMUNDSEN

In the present study the modular, physically based

Alpine Multiscale Numerical Distributed Simulation

Engine (AMUNDSEN) (Strasser 2008) is applied for

the simulation of the mountain snow cover. The model

has been designed to specifically address the re-

quirements of snow modeling in mountain regions un-

der climate change conditions (Strasser et al. 2004,

2008; Strasser 2008). The functionality of the model

includes several interpolation routines for scattered

meteorological measurements (Strasser 2008; Marke

2008); rapid computation of topographic parameters

from a digital elevation model (Strasser 2008); simula-

tion of short- and longwave radiation including topo-

graphic (e.g., shadows) and cloud effects (Corripio 2003;

Greuell et al. 1997); parameterization of snow albedo

depending on snow age and temperature (Rohrer 1992);

determination of snowmelt based on an energy-balance

approach (Strasser et al. 2008); modeling of the forest

snow processes of interception, sublimation, and melt

unload according to Liston and Elder (2006a), including

the effect of the trees on the micrometeorological

FIG. 2. Schematic overview of the work flow in the present study,

including downscaling and bias correction of four RCM re-

alizations of the IPCC A1B scenario and provision of the resulting

data as input for the simulation of natural and technical snow with

the snow model AMUNDSEN.
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conditions at the ground (Strasser et al. 2008); and

simulation of wind-induced snow transport as well as

gravitational redistribution of snow (Gruber 2007). To

transform snow water equivalent (SWE) to snow depth,

an approach for the calculation of snow density has re-

cently been implemented into the model. Thereby, it

distinguishes between two types of snow layers, herein

called new snow (representing freshly fallen snow) and

old snow. The density of freshly fallen snow rns (kgm
23)

is calculated as a function of 2-m air temperatureTa (8C)
(Anderson 1976):

rns 5

(
50, Ta # 2158C

501 1:7(Ta1 15)1:5 , Ta . 2158C.
(1)

Snow densification is calculated following Anderson

(1976) and Jordan (1991), taking into account the effects

of compaction and metamorphism. The densification

rate due to destructive metamorphism, which is pri-

marily important during the initial phase of rapid set-

tling of freshly fallen snow, is calculated using the

relationship

drs
dt

5 rs[c4e
2c

5
(T*2T

s
)c6] , (2)

with rs being the respective layer’s (new snow or old

snow) density, T*5 08C, c45 0.01m21 h, c55 0.048C21,

c65

(
e2c

7
(r

s
2r

d
), rs . rd

1, rs # rd ,
(3)

c7 5 0.046m3 kg21, and rd 5 150 kgm23. Densification

owing to compaction, that is, caused by the weight of the

overlying snow layers, is calculated as

drs
dt

5 rs[c1W*e2c
2
(T*2T

s
)e2c

3
r
s ] , (4)

with W* (kgm22) being the load of snow water equiv-

alent (snow in the layer above and 50% of the snow in

the current layer), c1 5 0.01m21 h (new snow), c1 5
0.001m21 h (old snow), c2 5 0.088C21, and c3 5
0.021m3 kg21. The new snow layer is converted to old

snow when reaching a density of 200 kgm23.

For the simulation of snow conditions in the

Schladming region, a spatial resolution of 50 3 50m2 is

chosen out of the following reasons. On the one hand, it

can be assumed that, at that spatial resolution, the main

atmosphere–snow surface interaction processes that

force the evolution and distribution of the snow cover

can be realistically reproduced; this includes the pro-

vision of meteorological forcing, for example, a proper

conversion and distribution of downscaled RCMoutput,

and the explicit modeling of topographic effects. On the

other hand this spatial resolution in combination with

the size of the model domain (;30 3 27 km2) results in

a manageable number of model grid cells and ensures

acceptable computing time even for long-term scenario

simulations. Analogously, temporal resolution was set

to 3 h to minimize computational costs while still al-

lowing the capture of the diurnal course of global radi-

ation, which represents the most important energy

source for snowmelt. To avoid small-scale variations in

modeled snow cover induced by different vegetation

types (which might be subject to change in the future),

the influence of vegetation on micrometeorological

conditions on the ground (e.g., lower values of temper-

ature and global radiation inside the forest canopy) and

the associated effect on snow accumulation and ablation

have not been considered in themodel runs presented in

this study. For further details on the different model

algorithms, refer to Strasser (2008) and Strasser et al.

(2011).

b. Technical snow production

A pragmatic approach for technical snow production

has been developed that utilizes data (e.g., location of

the ski slopes and number and technical specification

of onsite snow guns) and information on the local

snow production practice as provided by the managers

of the ski areas in the model domain. Required input

data for the snowmaking module are the locations of

the ski slopes as well as the total number of snow guns

for the ski area and the maximum water flow for

the entire ski area in cubic meters per hour (as de-

termined by the pumping capacity of the snowmaking

infrastructure).

The maximum snow production per snow gun

Pmaxgun(m
3 h21) is calculated as a function of wet-bulb

temperature Tw (8C) as proposed by Olefs et al. (2010):

Pmax
gun

524:83Tw1 3:94: (5)

This relation was derived as an average of state-of-the-

art fan guns by several manufacturers and is valid for

wet-bulb temperatures between 2148 and 228C and

a technical snow density of 400 kgm23.

In each model time step, using the condition Tw #

228C, all slope pixels where snowmaking is possible are

first selected. Then, given the mean number of snow

guns per square meter,

Nmean5
Nguns

Aslope

, (6)
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a maximum snow production amount for the entire ski

area is calculated by

Pmax
total

5NmeanAsnowmakingPmax
gun

, (7)

with Asnowmaking (m2) as the total area of the selected

snowmaking pixels and Pmaxgun as Eq. (5) evaluated with

the mean wet-bulb temperature of the selected pixels. In

a subsequent processing step, Pmaxtotal is converted to

a water equivalent value using the assumed technical

snow density of 400 kgm23 and is additionally con-

strained by the maximum water throughflow rate of the

snow guns and by the onsite demand for technical snow.

The resulting snow amount is distributed equally over

the selected slope pixels.

Following the guidelines of the local practitioners,

snow demand is not a limiting factor from 1 November

(start of the snow production season) to 15 December.

Hence, in this period of time, the maximum possible

amount of snow is produced (only limited by the mete-

orological conditions and technical restrictions). From

16 December until the end of the snow production

season on 28 February, the model maintains a minimum

snow depth of 0.6m on the slopes, as suggested by Scott

et al. (2007). Combining natural snow accumulationwith

the simulated technical snow production allows the total

snow water equivalent on the ski slopes to be calculated.

This approach assumes the snow guns to be equally

distributed over the ski slope, which does not necessarily

reflect the conditions at the ski sites. However, its

modest requirements in terms of input data make it

comparatively easily transferable to other ski areas. A

more complex approach that allows one to specify the

exact position and type for every snow gun and also

considers limited water availability due to reservoir ca-

pacities has already been developed (Hanzer et al.

2014).

c. Processing of meteorological data

Meteorological input data for the snow model in the

current study are sourced from meteorological station

data recorded by the Austrian Central Institute for Me-

teorology and Geodynamics (ZAMG) and the Austrian

Hydrographical Service as well as from publicly available

RCM simulations (http://ensemblesrt3.dmi.dk). While

station data were used in the framework of validation

runs only, RCM data were applied for validation of the

coupled model system and for scenario simulations.

Thereby, the RCMs were driven by different lateral

boundary conditions for evaluation of the model chain

[European Centre for Medium-Range Weather Fore-

casts (ECMWF) 40-yr Re-Analysis (ERA-40) (Uppala

et al. 2005)] and for the generation of climate conditions

for a reference and a scenario period [global climate

model (GCM) output]. As all IPCC emission scenarios

show nearly the same warming behavior until 2050 (Prein

et al. 2011), we selected four realizations of the popular

A1B scenario out of theENSEMBLESdatabase (van der

Linden and Mitchell 2009) that reasonably span the

warm/cold and wet/dry bandwidth of temperature and

precipitation changes in the winter half-year (see Fig. 3).

While Fig. 3 shows the climate change signals of tem-

perature and precipitation for the whole province of

Styria, Table 1 gives an overview of the selected model

combinations and the climate change signals in the

Schladming region. As Table 1 shows, the selection in-

cludes little warming with dry conditions (ICTP run),

little warming with humid conditions (SMHI run), aver-

age warming with humid conditions (METNO run), and

strong warming with dry conditions (C4I run). As the

C4I-HadCM2Q16 (ERA-40 driven) run has shown

a weak representation of spatial and temporal structure

for past and present climate for the topographically

complex area of the Alps, it has to be doubted that the

model run delivers robust information on future climate

conditions in the considered region. The HadCM2Q16

GCM–RCM combination provided by C4I has therefore

been excluded from the selection of realizations consid-

ered in the climate change impact analysis.

Prior to an application as input for the snow model,

the meteorological data (precipitation amount, 2-m air

temperature, relative humidity, 10-m wind speed, and

global radiation) were bias corrected and downscaled to

the station locations illustrated in Fig. 1 (triangles) using

the empirical statistical approach of quantile mapping

(Themeßl et al. 2011, 2012). The method generates daily

correction functions by comparing observed to calcu-

lated climate conditions for a historical period (here

1971–2000) and applies the resulting correction func-

tions on RCM simulations for both historical and sce-

nario periods (Wilcke et al. 2013). The downscaled and

bias-corrected daily RCM data are later disaggregated

using the 3-hourly diurnal cycle of the raw RCM data.

Ne�spor and Sevruk (1999) and Frei and Schär (1998)
show the undercatch in observed precipitation, espe-

cially in winter and higher altitudes. This undercatch

translates to underestimated snow depths in first mod-

eling experiments using hourly station data as meteo-

rological input for the snow model. Therefore, an

elevation-based precipitation correction function has

been developed. This has been done by comparing

simulated snow depth and multiyear snow depth mea-

surements at 55 snow gauges in Austria, resulting in

a correction term of approximately112% (100m)21 for

solid precipitation. Regardless of the origin of the
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meteorological data, a meteorological preprocessor in

AMUNDSEN is used to spatially interpolate the point

information from the station locations to the model

domain for every model time step of 3 h. In case of

temperature and precipitation, topographic corrections

are carried out by applying monthly temperature lapse

rates and elevation adjustment factors, respectively, as

described in detail by Marke (2008). Snow and rain are

then distinguished using a wet-bulb temperature thresh-

old of 28C. Humidity is regionalized by first converting

from relative humidity to dewpoint temperature, and

then applying dewpoint temperature lapse rates for

FIG. 3. Climate change signal of the different realizations of the A1B scenario as provided by

the ENSEMBLES project for the whole province of Styria and the winter half-year (November–

April). The change signal has been calculated by comparing the simulations for the period 1971–

2000 to 2021–50; dashed circles mark the realizations considered in this study.

TABLE 1. The four realizations of the A1B scenario selected for this study. The change signal has been calculated on the basis of RCM

raw data for the winter half-year (November–April) by comparing the periods 1971–2000 and 2021–50 and considering all RCM raster

elements with center coordinates in the Schladming region.

Institution GCM RCM

Temp

change (K)

Precipitation

change (%)

Abdus Salam International Centre

for Theoretical Physics (ICTP)

ECHAM5-r3 Regional Climate Model,

version 3 (RegCM3)

11.0 24.5

Swedish Meteorological and

Hydrological Institute (SMHI)

Bergen Climate Model (BCM) Rossby Center Regional

Atmospheric Model

(RCA)

11.1 12.0

Norwegian Meteorological

Institute (METNO)

Hadley Centre Coupled Model,

version 3, Q0 (HadCM3Q0)

High Resolution

Atmospheric Model

(HiRAM)

11.7 14.0

Community Climate Change

Consortium for Ireland (C4I)

Hadley Centre Coupled Model,

version 2, Q16 (HadCM2Q16)

Rossby Center Regional

Atmospheric Model 3

(RCA3)

12.6 16.5
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altitudinal corrections, before a reconversion to relative

humidity is carried out (see Marke 2008). The latter is

necessary as relative humidity shows a nonlinear tem-

perature dependence, while dewpoint temperature de-

creases linearly with increasing terrain elevation (Liston

and Elder 2006b). Wind speed is corrected for terrain

elevation using a linear regression function derived from

the station data for a given model time step (see Strasser

2008). Global radiation is spatially distributed by invert-

ing a cloud factor from global radiation at the station

locations, which is later used to reduce simulated poten-

tial direct and diffuse solar radiation separately. Within

the calculation of global radiation, topographic slope,

aspect, as well as orographic shadowing and multiple

reflection from clouds and surrounding snow covered

slopes are taken into account (Strasser 2008).

3. Results

a. Model validation

The model chain has been validated by using station

recordings asmeteorological input for the snowmodel and

comparing modeled snow depths to snow measurements

at different stations of the ZAMG station network in

a first step. Such validation on the basis of simulated

snow depth is quite demanding, as the correct reproduc-

tion of snow depth requires both an accurate simulation of

snow water equivalent and a precise estimate of actual

snow density. Figure 4 shows the model performance

exemplarily for the stations Bad Mitterndorf (810m

MSL) and Ramsau am Dachstein (1203m MSL). As the

evaluation at Bad Mitterndorf shows, the snow model is

capable of reproducing observed snow depths with good

accuracy, which is indicated by the degree of accordance

between the two lines as well as by the coefficient of de-

termination (R2 5 0.96). While the coefficient of deter-

mination is high in the case of station Ramsau am

Dachstein as well (R2 5 0.89), a certain overestimation

can be observed that sets in late December 1991 and

persists until the end of the season. It should, however, be

kept in mind that such deviations can be the result of

single rainfall events, which might have been mis-

interpreted by the model as snowfall.

As the number of snow cover days (defined as days

with SWE values .1mm) will serve as an indicator for

the analysis of changes in future snow conditions in

a later section of this study, Fig. 5 gives an overview of

FIG. 4. Comparison of simulated and observed snow depth at

stations (top) BadMitterndorf (1985/86) and (bottom)Ramsau am

Dachstein (1991/92).

FIG. 5. Comparison of simulated and observed number of snow

cover days (1992–2010) at stations (top) Bad Mitterndorf and

(bottom) Ramsau am Dachstein.
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model performance in terms of an accurate reproduc-

tion of observed number of snow cover days at the two

station locations. While considerable deviations be-

tween the observed and simulated number of snow

cover days exist for single years, particularly in the case

of station Bad Mitterndorf (.50 days in 1995), the

general dimensions at both stations are reasonably re-

produced over climatological periods. Existing devia-

tions between simulations and observations can at least

partly be traced back to errors in the applied pre-

cipitation input data, which consists of hourly observa-

tions aggregated to 3-hourly values prior to model

application. In the case of station Bad Mitterndorf,

a comparison of observed hourly precipitation to ob-

served daily precipitation at the same station (not shown

here) revealed an underestimation of annual precip-

itation O(35%) in the hourly data for the year 1995. As

this bias in precipitation recordings affects the sim-

ulations with station observations as meteorological in-

put only, it does not compromise the results achieved

with downscaled RCM simulations and hence does not

induce biases in the climate change impact analysis.

To analyze the model’s capabilities in the reproduc-

tion of snow patterns in the model domain, calculated

snow distributions have been compared to remotely

sensed snow distributions [classified Landsat-7 En-

hanced Thematic Mapper Plus (ETM1) images using

the normalized difference snow index (NDSI) (Hall

et al. 1995) for the snow/no snow classification] in

a second validation step. Thresholds for the snow clas-

sification were NDSI . 0.4 and SWE . 1mm. Besides

the application of station data as drivers for the snow

model, RCMhindcast simulations have been included in

the validation procedure illustrated in Fig. 6. The term

‘‘hindcast’’ thereby describes a model setup in which

the RCMs are driven by observed climate conditions

(reanalysis data) at the boundaries of the model do-

mains to evaluate their performance under best possible

boundary conditions. This allows one to isolate the ef-

fect that results from substituting station data with RCM

simulations. As Fig. 6 (bottom) shows, driven with sta-

tion data (black contour), AMUNDSEN allows simu-

lation of the actual snow distribution with good accuracy

with only a slight tendency to overestimate snow cover

toward lower elevations. The analysis of the different

RCM-driven model runs, excluding the C4I run (white

to blue colors in Fig. 6, bottom), reveals that snow dis-

tributions in the higher elevated parts of the study re-

gion are well reproduced using RCM hindcast data as

input for the snow model, whereas the results in the

midelevated parts of the Schladming region differ from

the remotely sensed data and the station data–driven

model run.

Table 2 gives a more comprehensive overview of the

performance of the coupled model system for the dif-

ferent hindcast runs based on the efficiency criteria F h1i,
F h2i, and F h3i (Aronica et al. 2002):

FIG. 6. Comparison of (top) remotely sensed and (bottom) cal-

culated snow distributions for 26 April 2000. Black contours

(bottom) indicate the snow distribution obtained by driving the

snow model with station data, while the white to blue colors rep-

resent the number of RCM-drivenmodel runs (including the ICTP,

SMHI, and METNO runs) that have predicted the presence of

snow for each raster cell of 50 3 50m2. The numbers framing the

two plots represent grid coordinates (m; coordinate reference

system MGI/Austria Lambert).
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where PD1M1

i takes a value of 1 for a pixel i where both

data (D) and model (M) are classified as snow covered,

PD0M0

i is where both are snow-free, and PD0M1

i and PD1M0

i

are where one is snow covered and the other is snow-

free. As the performance of the different RCM-driven

model runs can be separately analyzed by means of

Table 2, the C4I run has not been excluded here. All

three measures have a maximum value of 1, corre-

sponding to a perfect fit between observations and

model. Regarding F h1i, which is the fraction of pixels

correctly classified by the model, all RCM-driven runs

except the C4I run show a comparable or even slightly

higher performance than the station data–driven run.

For F h2i, which is the fraction of correctly classified

pixels among the set of pixels that are classified as snow

covered in either the observations or the simulations, the

station run and the METNO run show the best perfor-

mance. The METNO run also shows the highest F h3i

value, which is a measure of how close the total observed

and the total simulated snow-covered area match.

The simulation of technical snow has been validated

for an exemplary ski area in the Schladming region,

where information on actual snowmaking hours and

season length has been provided by the operators of the

ski area. From a modeling perspective, the indicator ski

season length has been defined in the CC-Snow projects

as the number of days between the ski opening (SWE.
120mm after 1 November for at least 5 consecutive

days) and the ski closing (SWE , 80mm for at least

10 consecutive days between the opening and 30 April).

Figure 7 shows calculated snowmaking hours for the

period 1986–2011, as calculated on the basis of inter-

polated meteorological station recordings in compari-

son to observed snowmaking hours. As can be seen, the

validation suffers from a lack of available observations

(blue line). Taking a closer look at the winter seasons

2009/10 and 2010/11, the daily number of snowmaking

hours seem to be well reproduced for the 2009/10 sea-

son, while a distinct overestimation can be observed in

December 2010/11. The latter can be explained by the

extraordinarily cold preseason (October–December) in

2010, which led to optimal conditions for snow pro-

duction. While in reality, perfect snow conditions had

been achieved until early December and production had

been reduced accordingly, the model approach still

produced as much snow as possible, as defined by the

implemented set of management rules received from

the local practitioners (see section 2b). Considering the

model’s capability to reproduce observed ski season

lengths, Fig. 8 shows that the general dimension of ski

season length is well reproduced by themodel (red line),

TABLE 2. Model performance obtained by comparing remotely

sensed and simulated snow distributions for 26 April 2000.

Model run

F h1i F h2i F h3i

Station run 0.826 0.710 0.670

C4I 0.678 0.291 0.338

ICTP 0.839 0.672 0.860

METNO 0.854 0.707 0.932

SMHI 0.823 0.628 0.756

FIG. 7. Snowmaking hours (1985–2011) simulated on the basis of meteorological station recordings in comparison to available

observations.
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although deviations O(5–30 days) can be observed.

Here, it has to be kept in mind that the pragmatic ap-

proach for snow production assumes the current number

and technology for the snow guns, which might not re-

flect the actual conditions in the ski areas in the past.

Particularly distinct is the strong variability of the ski

season length calculated for natural snow conditions

only (blue line in Fig. 8), which clearly illustrates the

general necessity for technical snow production in the

considered ski area.

b. Scenario results

As the capabilities of the coupled model system with

respect to the reproduction of snow conditions in the

study region could be successfully demonstrated in the

previous paragraphs, the change in snow conditions

calculated on the basis of three different realizations of

the A1B scenario will be discussed in the following.

Here, the RCMs are driven by GCM-simulated climate

data at the boundaries of the model domain (Europe),

which includes the changes in atmospheric greenhouse

gas concentrations as defined for the A1B scenario.

Figure 9 (top) shows the mean number of snow cover

days in the winter season (November–April) for the

reference period 1971–2000 as simulated on the basis of

three GCM–RCM realizations. Naturally, the number

of days with snow cover is highest in the summit regions

(snow cover over all 6 considered months) and lowest in

the lower elevated valleys (2 months of snow cover).

While the results of all realizations agree in the higher

elevated parts of the study region (see circles indicating

the standard deviation of the model runs), a certain

spread between the realizations can be observed that is

highest in the lower elevations of the valleys. The de-

crease in the mean number of snow cover days (1971–

2000 versus 2021–50) displayed in Fig. 9 (bottom) with

,5 days is lowest in the higher elevated parts and in-

creases with decreasing terrain elevation to 25–30 days

in part of the midelevated regions. In the lower eleva-

tions of the valleys, the decrease with ,25 days is less

distinct as a result of the frequent occurrence of tempera-

ture inversions.Again, differences between the realizations

are comparatively small in the summit regions, whereas

larger differences exist in lower elevations. An important

question to be addressed is whether there is a significant

tendency for the shortening of the snow cover period

to occur at the beginning or at the end of the winter

season. To answer this question, changes in the snow

cover period have been analyzed separately for the dif-

ferent realizations and different elevation belts. As

Fig. 10 clearly indicates, it largely depends on the re-

alization of whether the shortening of the snow covered

period is located at the beginning or at the end of the

winter season—this holds true over the whole range of

altitudes. Analogously to Fig. 9, Fig. 11 shows the mean

ski season length (1971–2000) and the change in the

mean season length (1971–2000 versus 2021–50) for the

Schladming region. Other than the number of snow cover

days, the indicator ski season length describes whether

snow conditions allow skiing in the ski areas and hence

provides tourism-relevant information on whether the ski

areas could be continuously opened or not. As observed

for the number of snow cover days, ski season length is

highest in the summit regions (180 days) and lowest in the

valleys (close to 0). The decrease in the ski season length

ranges from a few days in the valleys to over 35 days in the

midelevations to,5 days in the higher elevated parts (see

Fig. 11, bottom). In the case of ski season length, it is

the short season length in the reference run that limits

the potential for decrease in the lower elevations and

valleys in the scenario period. While skiing is possible in

these elevations in the reference period for single years,

the meteorological conditions provided by all considered

RCMs do not allow skiing in the scenario period, leading to

a spread between the different realizations of close to 0.

The temporal evolution of the mean ski season length

and the mean development in different elevation ranges

are illustrated for the Schladming region in Fig. 12.

While no significant trend can be observed in the aver-

age of all model runs until 2000, a distinct decrease of

;2.6 days decade21 manifests over the total period from

1961 to 2050 (see Fig. 12, top). Considering changes of

the ski season length over the range of altitudes in the

study area, the snowmodel runs with application ofmost

FIG. 8. Ski season length (1985–2011) simulated on the basis of meteorological station

recordings in comparison to available observations.
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GCM–RCMcombinations describe amost severe decrease

of 30–40 days in elevations between 1600 and 2700mMSL.

While the moderate values of ski season length simulated

for the reference period in elevations below 1600m MSL

somehow limit the potential for decrease and hence lead to

comparatively small absolute decreases in these elevations,

above 2700m MSL it is the naturally low temperatures in

combination with increasing winter precipitation that at-

tenuate the decrease in ski season length.

Figures 9–12 provide a good overview of changes in

natural snow conditions in the study area; however, the

analysis of climate change impacts in the Austrian ski

areas requires a closer look at the local conditions at the

ski slopes as well as the consideration of technical snow

production. To do so, the described pragmatic snow-

making approach has been applied for the simulation

of snow production in an exemplary ski area in the

Schladming region. The temporal evolution of actual

seasonal snow production hours, produced snow amounts,

and the ski season length calculated for natural snow

conditions only, as well as for natural and technical

snow, are illustrated in Fig. 13. Snowmaking hours show

almost no trend over the period 1961–2050, which sug-

gests that technical snow is produced over almost the

same number of hours in the past and the future. How-

ever, considering the amount of technically produced

snow (Fig. 13, middle), a certain decrease unfolds from

the line plot. As the efficiency of snow production is

calculated as a function of wet-bulb temperature [see

Eq. (5)], and hence depends on air humidity and air

temperature, our results suggest that snow production

can be expected to become less efficient in the future.

The temporal evolution of the ski season length calcu-

lated on the basis of natural snow (black line) in Fig. 13

(bottom) indicates a decrease of the ski season length for

the considered ski area from.50 days at present to ;40

days in the 2050s in the case of natural snow. Making use

of technical snowproduction (red line), the ski season can

be prolonged by;80 days, resulting in a reduction of the

ski season length from;140 days at present to;120 days

at the end of the scenario period. Please note that tech-

nical snow is produced assuming today’s snow production

infrastructure (canon number and technical specifica-

tions). This has to be taken into account when inter-

preting the results for the past (no/less technical snow

production with less advanced technical equipment) and

the future (technical advances not considered).

4. Discussion and conclusions

A hydrometeorological model chain has been applied

to generate scenarios of future natural and artificial

snow conditions for a study site in Styria (Austria). To

FIG. 9. (top) Mean number of snow cover days (November–

April) for the reference period (1971–2000) as simulated with

AMUNDSEN on the basis of three realizations (including the

ICTP, SMHI, and METNO runs) and (bottom) change in snow

cover days (1971–2000 vs 2021–50) in the Schladming region. The

numbers framing the two plots represent grid coordinates (m;

coordinate reference system MGI/Austria Lambert).
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cover a wide range of potential future climate condi-

tions, four realizations of the A1B scenario have been

statistically refined to the location of various meteoro-

logical stations in the study region. However, owing to

the poor skills in the reproduction of past climate and

snow conditions in the considered region, one re-

alization had to be removed from the selection to avoid

biases in the climate change impact analysis. Since the

applied physically based snowmodel has originally been

designed for the simulation of natural snow conditions,

a pragmatic approach has been developed for the sim-

ulation of technical snow production. Following a com-

prehensive validation at both the point and regional

scale, the snow model has been utilized to spatially

interpolate the downscaled and bias-corrected RCM

data and to calculate snow distributions for the period

1961–2050. Considering natural snow conditions in the

Schladming region, the comparison of the scenario re-

sults (2021–50) to those for a reference period (1971–

2000) has revealed severe decreases in the number of

snow cover days and the ski season length of up to .25

and .35 days, respectively. Both indicators show most

severe decreases in midelevations, which corresponds to

the findings of other studies (e.g., Formayer et al. 2009;

Steiger 2010). In the case of the indicator ski season

length, the analysis of changes in different elevation

belts has shown highest decreases O(40 days) in eleva-

tions between 1600 and 2700m, with a mean decrease

rate of ;2.6 days decade21 as the average over all ele-

vations and realizations. With respect to a tendency of

the shortening of the snow cover period to occur at the

beginning or at the end of the winter season, a large

spread between the different realizations has been ob-

served with no significant tendency toward the begin-

ning or end of the winter season in the average of all

model runs. Applying the presented snow production

approach in an exemplary ski area in the Schladming

region, the number of hours used for snow production,

the amount of technically produced snow, and the re-

sulting ski season length have been calculated. While

no significant trend could be found in the number of

actual snowmaking hours, a decrease in produced snow

amounts could be extracted from the scenario results.

Based on these results, it can be concluded that technical

snow production might become less effective in the fu-

ture. In the exemplary ski area considered, the season

length calculated for natural snow conditions decreases

by ;3.2 days decade21, which leads to a reduction from

.50 days at present to ;40 days in the 2050s. The de-

crease rate is only slightly higher including technical

snow production (;4.1 days decade21); however, snow

production prolongs the season by ;80 days, still al-

lowing a ski season length of ;120 days in the consid-

ered area in 2050. Please note that these findings are

based on an approach that makes several assumptions

that might not reflect the actual conditions on the ski

slopes. While snow guns are assumed to be equally dis-

tributed over the slopes, in reality, lower-elevated parts

often show higher snow gun densities than the (with

respect to natural snow conditions favored) summit re-

gions. Moreover, number and technical specifications

(e.g., efficiency, water and energy consumption, and

maximum water throughflow rates) of the snow guns

reflect present-day conditions and average characteris-

tics of present-generation technical instrumentation,

respectively. Even if technical snow would have been as

intensively produced in the past as it is today, technical

infrastructure would have been less advanced; both of

these restrictions suggest that, although not detectable

owing to a lack of observations, snow production cal-

culated for the early reference period is overestimated.

On the other hand, the technical advances that can be

expected for the coming decades (e.g., higher efficiency,

less water and energy consumption, and snow production

FIG. 10. Change in the length of the snow-covered period (longest period with SWE values above 1mm) for

different elevation belts according to the three realizations of the A1B scenario (including the ICTP, SMHI, and

METNO runs).
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at higher temperatures) have not been considered in the

scenario simulations—this might result in an un-

derestimation of technical snow production in the simu-

lations for the future. Of course, the management rules

implemented in the model also induce uncertainties and

might be subject to change in the future. Finally, it has to

be remarked that the present study does consider the

pumping capacities of snow-making infrastructure in the

ski areas, but it assumes future water availability for

technical snow production to be unlimited.WhileAustria

does not suffer water scarcity at present, future water

availability and demandwill regulate towhat extent these

conditions remain unchanged. At present, water for snow

production in the considered ski area is provided by

storage ponds (which are filled by precipitation

throughout the year) as well as by extracting water from

local rivers. Considering the slight decrease in future

water consumption for snow production (Fig. 13, middle)

in combination with potentially increasing annual pre-

cipitation in the region (Prettenthaler 2009), water avail-

ability from ponds can be expected to remain more or less

FIG. 11. (top) Ski season length in the Schladming region

simulated on the basis of the three realizations (including the

ICTP, SMHI, and METNO runs) and (bottom) change in ski

season length. The numbers framing the two plots represent grid

coordinates (m; coordinate reference system MGI/Austria

Lambert).

FIG. 12. (top) Temporal evolution of the ski season length

simulated on the basis of the three realizations (including the

ICTP, SMHI, and METNO runs) and (bottom) elevation de-

pendence of the change signal. The black line and the dark gray

area (top) represent the average of all model runs and the mini-

mum and maximum within the realizations, respectively. The gray

bars (bottom) show the relative size of the respective elevation

classes.
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unchanged. Water extraction from rivers for snowmaking

purposes is usually carried out during winter, when water

levels are naturally low in the study region. Existing studies

have shown that winter low flows in the region are likely to

increase on the order of120% up to the year 2050 because

of the combined effect of increasingwinter precipitationand

rising winter temperatures (BMLFUW 2010). Still, it will

depend on a variety of factors, such as the coordination

between the main water users (here mainly the skiing and

the energy production industry) and ecological aspects, such

as minimum ecological flow regulations, as to whether

future water extraction from local rivers will be possible to

the same extent as today. Both potential conflicts in water

utilization and regulatory frameworks are hard to predict

and thus have not been considered in this study.

To overcome part of the deficiencies described above,

a more sophisticated approach for snow production has

recently been developed and is currently being vali-

dated. The latter accounts for the individual technical

specifications and positions of the snow guns on ski

slopes and therefore allows a detailed, snow-gun-based

calculation of snow production as well as energy and

water consumption. Furthermore, it provides the option

to apply a variety of management strategies (e.g., the

demand-driven transfer of snow guns to different parts of

the skiing slopes, or an increased efficiency of the snow

guns). Finally, it considers water losses during the snow-

making process owing to sublimation and evaporation as

well as the specific properties of technically produced

snow (e.g., the higher initial density, the higher densifi-

cation rate and the more rapid albedo decline). First tests

have revealed that this more sophisticated approach

performs better, both on a daily and on a seasonal basis.

The results presented in this paper build a basis for

a subsequent analysis of climate change impacts on the

Austrian skiing business economy andwinter tourism, as

has been done in the follow-up project CC-Snow II. The

coupled modeling approach applied in this study rep-

resents a part of an inter- and transdisciplinary in-

tegration design described in detail by Strasser et al.

(2014). For the cost–benefit analysis carried out as part

of the economic analyses, the water and energy con-

sumption is determined by the actual snow production

and the specifications of the technical instrumentation

(water and energy consumed per produced volume

snow). The respective scientific findings are currently

published. In potential future applications, the developed

coupled modeling scheme can be used for applying a va-

riety of potential future climate developments, together

with meaningful management options for the ski areas. It

will be of high practical and scientific interest—for both

the natural sciences and socioeconomics, as well as for

practitioners, the community of stakeholders, the skiing

industry, and policy makers—to jointly develop feasible,

realistic, and coupled scenarios of future conditions for

the skiing tourism sector in a highly participative process.
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