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Abstract

The snow cover in the Alps is heavily a�ected by climate change.

Recent data show that at altitudes below 1200 m a.s.l. a time-conti-

nuous winter snow cover is becoming an exception rather than the

rule. This would also change the timing and characteristics of river

discharge in Alpine catchments. We present an assessment of future

snow and runo� in two Alpine catchments, the larger Inn catchment

(1945 km2) and the smaller Dischma catchment (43 km2), based on two

common climate change scenarios (IPCC A2 and B2). The changes

in snow cover and discharge are predicted using ALPINE3D, a model

for the high resolution simulation of alpine surface processes, in par-

ticular snow, soil and vegetation processes. The predicted changes

in snow and discharge are extreme. While the current climate still

supports permanent snow and ice on the highest peaks at altitudes

above 3000 m a.s.l., this zone would disappear under the future cli-

mate scenarios. The changes in snow cover could be summarized by

approximately shifting the elevation zones down by 900 m. The cor-

responding changes in discharge are also severe: while the current

climate scenario shows a signi�cant contribution from snow melt until

mid to late summer, the future climate scenarios would feature a much

narrower snow melt discharge peak in spring. A further observation is

that heavy precipitation events in the fall would change from mainly

snow to mainly rain and would have a higher probability of produc-

ing �ooding. Future work is needed to quantify the e�ect of model

uncertainties on such predictions.
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1 Introduction

Model assessments of future climate impact have become a standard tool
for translating climate change scenarios to the potential reaction of the en-
vironment. The reaction of the local hydrological balance is a particularly
important question in this context. Understanding these changes may help
to design appropriate adaptation strategies. Huge areas of the world depend
on snow melt during the dry summer months, but climate change may lead
to less snow and may severely aggravate existing water shortages (Barnett et
al., 2005). Areas which fall under this regime are the western Americas, cen-
tral Asia, northern India and parts of southern Europe. While the impact of
changes in snow cover is global and a�ects large areas, much can be learned
by studying the response in smaller headwater catchments. The purpose
of this paper is therefore to present calculations of snow cover and runo�
change scenarios for the second half of the 21st century for two headwater
catchments in the central Alps: Dischma (43 km2) and Inn (1945 km2).

A number of model-based assessments have been made of the hydrological
response of mountain catchments to climate change (e.g. Singh and Kumar,
1997; Stahl et al., 2008, Horton et al., 2006). These �rst quantitative re-
sults point in particular to the in�uence of shrinking ice masses. They show
that pronounced e�ects are predicted for glaciated catchments, where high
runo� levels shift from summer to spring because melt rates of the ice sheet
decrease after a transitional phase of increased runo� (Stahl et al, 2008). In
a glaciated catchment, a major e�ect, i.e. the disapearance of permanent
snow cover for this particular catchment, has been found for the accumula-
tion zone at higher altitudes (Magnusson et al., submitted). The role of the
snow cover in runo� changes has been investigated less intensively with a few
exceptions in North America (e.g. Stewart et al., 2005) and is the focus of
our investigation. For the current study, we do not not attempt to discuss
the di�erent reasons for a change in snow cover such as change in snowline
(Knowles et al., 2004) or change in melt in detail but instead concentrate
on changes in the spatial patterns of snow cover distribution and temporal
patterns of catchment discharge.

Massive changes of the mountain snow cover are expected and have al-
ready been detected (Marty, 2008). Trend analyses of changes in mountain
snow covers have been carried out by Hantel et al. (2000), Laternser and
Schneebeli (2003) and Scherrer et al. (2004) for the Alps and e.g. Hamlet
et al. (2005) and Mote (2006) for North America. All studies agree that the
most pronounced changes are detected for lower altitudes. This �nding is
consistent with the explanation that temperature trends are most visible at
those elevations for which a small change in temperature leads to increased
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rain versus snow precipitation (change in snow line). To assess the over-
all e�ect of climate change on the seasonal snow cover, snow models have
been used but investigations continue to be focused on individual point mea-
surement stations only (Rasmus et al, 2004, Lòpez-Moreno et al., in press).
There are thus two major reasons for additional model studies on the com-
bined behavior of snow and discharge under climate change scenarios. First,
a variety of models with di�erent complexity and physics must be used to
build con�dence in the model projections. Second, the critical behavior of
the snow cover needs to be assessed with respect to runo� formation by ap-
plying detailed snow models at a distribution of points across the catchment.
The novel aspects of our approach are that, to our knowledge, no combined
and detailed investigation of snow and discharge response to climate change
scenarios for Alpine headwater catchments is available. We present a com-
parative analysis of catchments of two di�erent sizes. More importantly,
we use the advanced modeling system Alpine3D for our model runs, which
provides a detailed process representation (Lehning et al., 2006) especially
for snow (Lehning et al., 2002) and appears therefore particularly suited for
change studies. Note that change studies require extrapolation from current
conditions and therefore conceptual models, which require a high degree of
calibration, may not always be the best choice for change prediction.

We will �rst describe the catchments and the numerical model used for
this study. Then, the method for producing the meteorological data necessary
for the model and the postprocessing applied to the simulation results will
be described. The third section will verify the performance of the modelling
approach by comparison to measured data from the current climate. The
results of climate scenario calculations will be presented and discussed in the
next section and the limitations of both the meteorological data processing
and the physical modelling will also be discussed. Finally, implications of
these results will be provided in the conclusion.

2 Catchments and modeling

2.1 Description of catchments

The �rst catchment simulated is Dischma, located in eastern Switzerland.
It ranges in elevation from 1677 to 3130 meters above sea level and covers
an area of 43.3 km2. The rectangular simulation domain encompassing the
catchment covers a wider area of 12.8 km by 15.4 km (197 km2). The catch-
ment was described in detail by Zappa et al. (2003). Surface cover is 36%
subalpine meadow and 34% rock, the rest being minor contributions from
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Figure 1: Location of the Dischma (small box) and Inn (large box) catch-
ments.
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Figure 2: Vertical distribution of grid cells for the Dischma and Inn catch-
ments areas used in the simulation.
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Figure 3: Distribution of the aspects of the cells in the Dischma and Inn
simulations.
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Figure 4: Measured daily averaged precipitation and temperature for the
Dischma (Weiss�uhjoch station, 2537 m a.s.l.) and Inn catchments (Samedan
station, 1707 m a.s.l.) for winters 2002-2006.

forests and bushes. Glaciers do not play a signi�cant role but are present
in the simulated area (2% of the total area). The domain is meshed by
100m x 100m square cells.

The Inn catchment occupies 1945 km2 within a 66.5 km by 71.75 km
rectangular simulation domain (4771 km2). This domain also contains the
Dischma catchment, which is however not part of the Inn catchment. The
catchment has an altitude range from 1045 to 3868 meters above sea level.
A few glaciers are part of the catchment (5%) but again, most of the surface
is rock (36%) and sub-alpine meadow (20%) with coniferous forests (13%)
also occupying a signi�cant fraction. One of the best known Swiss glaciers,
the Morteratsch, is part of the simulated area. The domain is meshed by
250m x 250m square cells.

The distribution of the elevations for both catchments is shown in Fig-
ure 2. This �gure shows the frequency of occurrence of a given 100 m altitude
band in each catchment. Both catchments contain a major surface fraction in
the elevation range between 2000 and 2700 m a.s.l.. When looking at the dis-
tribution of the aspects in Figure 3, one sees that the aspects are not evenly
represented in the Dischma simulation, whereas the distribution is more even
for the core of the Inn simulation. The over-representation of �at land for
the �rst elevation range (1600 m a.s.l.) of the Dischma simulation means
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that the results for this elevation range will not correlate well to those of
the similar altitude band in the Inn simulation. The di�erent orientations of
Dischma (mainly S-N) and Inn (mainly W-E) catchments may also produce
di�erences in the hydrological response.

Finally, the average precipitation and temperatures for both catchments
are shown in Figure 4. The temperatures are shown as daily averages, av-
eraged again over the winters 2002-2006. Precipitation is shown as weekly
and monthly averages, also averaged over the winters 2002-2006. This �g-
ure shows one of the major di�erences between these two catchments: the Inn
catchment is much dryer than the Dischma catchment (on average 640 mm/year
for the Inn catchment compared to 1138 mm/year for the Dischma catchment
in our data set).

2.2 The Alpine3d model

Alpine3D is a model system of Alpine surface processes with an emphasis on
snow processes. Since detailed model module descriptions and veri�cations
are available from previous publications, we only o�er a summary of the
most important features here and point to the respective publications. The
model is based on a fully distributed application of SNOWPACK (Lehning
et al., 1999; Lehning et al., 2002), which is an advanced model of snow
cover development. SNOWPACK has been used for studying snow dynamics
in the context of avalanche warning (e.g. Nishimura et al., 2005), glacier
mass balance and hydrology (e.g. Michlmayr et al.,2008) and already for
climate change scenarios in high latitudes (Rasmus et al., 2004) and for
Alpine permafrost (Luetschg et al. in press). The single point snow column
description provided by SNOWPACK includes a parameterized module for
vegetation. Snow and soil dynamics are numerically represented by a large
arbitrary number of layers. The high resolution of the surface snow or soil
layers allows a more accurate surface energy balance to be provided as well
as allowing the vertical water transport in snow and soil to be described with
a simple bucket scheme (Bartelt and Lehning, 2002).

In Alpine3D, atmospheric forcing is allowed to vary continously in space
such that the one-dimensional vegetation � snow � soil columns at the grid
points will also vary as a result. Runo� is calculated by a simple conceptual
model, which is fed from the vegetation � snow � soil columns (Lehning
et al., 2006). It is important to note that for climate change scenarios,
one should also consider that vegetation and even soil would change. This
could not be implemented for this study since predictions of these changes
were not available. It is however assumed that the e�ects of changes in
vegetation and soil will remain small compared to other model errors such
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as the interpolation of the meteorological forcing. By contrast, the changing
climate is unlikely to change much of the deeper subsurface �ow paths such
that the assumption of stationarity appears to be justi�ed for the conceptual
runo� model. Michlmayr et al. (in press) gives a good introduction to the
radiation module of Alpine3D, which supports shading, surface re�ections of
shortwave radiation and emission of longwave radiation.

The full version of Alpine3D uses meteorological input (wind, tempera-
ture, moisture) from a meso- or microscale meteorological model (Raderschall
et al., 2008) and includes snow transport (Lehning et al., 2008). Because of
the high resolution required and the associated immense computing capacity
requirements, these detailed features have never been used for hydrological
or climate studies.

3 Methods

3.1 Reference meteorological data

Hourly data from 10 weather stations in the Dischma and 18 stations in the
Inn catchment, respectively were used as model input for establishing a refer-
ence run. The stations represent an altitude range from 1560 to 2725 m a.s.l.
in the Dischma and 1078 to 3315 m a.s.l. in the Inn catchment. Temperature,
humidity, wind speed and precipitation input data were distributed across
the grid using WINMET (Zappa et al., 2003), a tool for geo-statistical in-
terpolation of meteorological data. As an interpolation method we selected
inverse distance weighting (Shepard, 1968) for all four input quantities in
combination with elevation dependent detrending for temperature, humid-
ity and wind speed but not for precipitation. For both catchments we used
hourly measurements of incoming longwave radiation from the Weiss�uhjoch
station (2537 m a.s.l.) above Davos, 4 km north of the Dischma catchment
outlet. For the Dischma catchment shortwave radiation was also taken from
Weiss�uhjoch whereas the Samedan meteorological station (1707 m a.s.l.)
served as shortwave radiation input for the Inn catchment.

3.2 RCM predictions

To generate model input data representative of future climate, we altered
observed data according to expected changes as predicted by a set of RCMs
(Regional Climate Models) which participated in the PRUDENCE project
(Prediction of Regional scenarios and Uncertainties for De�ning European
Climate change risks and E�ects) (Christensen et al., 2007). Climate pre-
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Figure 5: Basis of the 12 simulations for the future period 2071-2100: the
RCMs, GCMs, and the scenarios. Accordingly, six reference simulations
were performed for the reference period 1961-1990. Abbreviations according
to PRUDENCE notation (http://prudence.dmi.dk/).

diction data resulting from this project are available from a public database
(http://prudence.dmi.dk/). A subset of twelve runs (Fig 5) was selected to
provide simulations for the changes in temperature, precipitation and long-
wave radiation between a reference period 1961-1990 and a future period
2071-2100 for the two IPCC greenhouse gas emission standard scenarios
SRES A2 and B2. While scenario A2 predicts a strong increase of car-
bon dioxide, scenario B2 assumes a rather moderate rise of CO2 (Nakicen-
ovic et al., 1998). The following 5 RCMs were used for the simulations:
HIRHAM (used by the Danish and Norwegian Meteorological Institutes),
PROMES (Universidad Complutense de Madrid), RCAO (Swedish Meteoro-
logical and Hydrological Institute), HadRM3P (Hadley Centre for Climate
Prediction and Research) and RegCM (Abdus Salam Intl. Centre for Theo-
retical Physics). For the present study, we downloaded daily minimum and
maximum temperatures, daily accumulated precipitation and daily averages
of incoming longwave radiation. These parameters were expected to have the
greatest in�uence on snowpack characteristics. Potential changes in relative
humidity, wind speed and short wave radiation were assumed to be more un-
certain and were therefore not taken into account. For each catchment, we
used the data of the nearest grid cell from the RCM output (spatial resolution
∼ 50 km).

8



3.3 Stochastic generation of input data for A2/B2 runs

Figure 6: Schematic of determining month-, scenario-, and decile range-
speci�c changes in temperatures, precipitation and radiation between refer-
ence and future period.

We modi�ed the observed data series of precipitation, longwave radiation
and temperature to represent climatic conditions towards the end of the
21st century by largely following the methods described in López-Moreno et
al. (in press): First, daily incoming longwave radiation data were pooled
into 12 x 3 x 6 subsets according to 12 months, 3 projections (Ref, A2,
B2), and 6 Regional Climate Models (Fig 6, Step 1). Each of these 216
subsets was further subdivided into decile ranges (i.e. the lowest, second-
lowest . . . highest 10% percent of data) of which we determined the mean
value (Fig 6, Step 2). These 2160 Decile Range Mean (DRM) values were
then averaged for the six RCMs resulting in 12 x 3 DRM vectors (Fig 6,
Step 3). Finally, to characterize the predicted changes between current and
future climate we subtracted the DRM vectors for each scenario with their
respective counterparts from the reference runs (Fig 6, Step 4). The resulting
vectors on DRM changes (A2-Ref and B2-Ref, Figure 7) were used to adapt
the observed data to represent future climate: �rst, the measured longwave
radiation data were pooled into monthly data subsets. Then, for each of the
12 subsets we calculated decile ranges and assigned each measured values
to its decile range. Finally, using the vectors on DRM changes as a look-
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Figure 7: Predicted changes in daily minimum temperature (top left), daily
maximum temperature (top right), precipitation (bottom left) and longwave
radiation (bottom right) according to scenario A2 (black) and scenario B2
(gray). The center lines show the average change between future and control
period, the top whisker denotes respective changes for the highest decile
range, and the bottom whisker denotes respective changes for the lowest
decile range.

10



up table, each measured value could be o�set speci�cally for each month,
scenario, and decile range.

To modify the precipitation data we mainly applied the same method as
for longwave radiation, with three exceptions: �rstly, we determined DRM
values from daily sums instead of daily averages; secondly, we described
the changes between future and reference climate in terms of DRM quotients
instead of DRM di�erences; and thirdly, only daily precipitation sums greater
than zero were accounted for. This includes decile ranges, which were only
calculated on data with precipitation sums greater than zero.

As temperature features a considerable daily cycle, we extended the
methodology described above (see longwave radiation) to additionally ac-
count for potential changes in the spread between daily minimum and maxi-
mum temperature. We therefore calculated DRM changes separately for sim-
ulated daily minimum and maximum temperatures. They were then used to
adapt the lowest and highest temperature value for each day in the observed
data series (hourly resolution). Intermediate values were �nally adapted by
linearly interpolating the o�set used for adjacent minimum and maximum
temperature values.

Finally, the manipulated data series containing precipitation, longwave
radiation and temperature data were interpolated over the model grid ac-
cording to the procedures described above for the reference run.

3.4 Presentation of the results

Since this study focuses on general trends, it has been decided that most of
the results would be presented as yearly averages, resulting in more condensed
�gures. The modelling has been performed for each year of the period of
interest, and the outputs have been averaged to compute the general trends of
an average year according to the chosen scenario (from 08/2000 to 08/2006 for
the Dischma catchment and from 08/2001 to 08/2006 for the Inn catchment).
Therefore, year to year variability is smoothed in the results presented.

4 Results and discussion

The purpose of this paper is to assess the projected changes in snow cover and
runo� for two catchments. We chose to de�ne the current status as the six
year average from 2000/2001 to 2005/2006 for the Dischma and the �ve year
average from 2001/2002 to 2005/2006 for the much larger Inn catchment.
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4.1 Veri�cation

The hydrological model in the form used here and its veri�cation against
satellite snow cover area and runo� data were �rst described by Lehning et
al. (2006) for the Dischma catchment. Their application focused on model
presentation and investigated the in�uence of vegetation and an accurate
radiation transfer treatment of snow and runo�. Model veri�cation was pro-
vided by comparison with satellite snow covered area and by comparison
with measured runo�. Alpine3D has also recently been used for glaciated
catchments (Michlmayr et al., in press; Magnusson et al., submitted) and
has shown a good performance.

In order to explore the reliability of the method used in this study, a
reference Alpine3D run was de�ned using unmodi�ed meteorological input.
The outputs of this reference run were compared to measurements in order
to check the accuracy of the simulation. Two parameters were examined: the
snow cover and the catchment discharge. Since the Inn catchment is heav-
ily regulated, such a comparison could only be performed for the Dischma
catchment, which also o�ers a higher density of snow cover measurements.
Having a more extensive comparison of simulated snow covered area with
satellite information has been attempted but was unsuccessful because of
the low quality and coarse resolution of the satellite products available.

4.1.1 Snow cover measurements

The snow cover simulation was veri�ed using several snow height point mea-
surements that were compared to the simulated snow heights. The simulated
snow height is actually the snow height of the cell that contains the location
of the snow station, meaning that any subgrid variations in the snow cover
that would impact the snow height measurement can be problematic. The
snow height experimental measurements also have problems however: the
sonic snow height sensors occasionally return a very noisy signal (especially
during snow events) and manual snow height measurements could depend on
the observer making the measurement.

The Figure 8 shows the comparison between modelled and measured snow
heights at three locations, with three di�erent measurements methods. The
�rst one, Stillberg, is located in a N-NE slope (28◦) at 2131 m a.s.l. This
station has automatic snow height measurements using an ultrasonic sensor
and the data is �ltered in order to remove noise. The second one, Teu�, is
located on the valley �oor of the Dischma catchment at 1702 m a.s.l., below
the Stillberg station, on �at terrain. This is a manual snow station, with daily
measurements. This station has no data for year 2006. Finally, the third
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Figure 8: Comparison between measured (automatic Stillberg station, auto-
matic SLF, Flüelastrasse station, manual Teu� station) and modelled snow
heights for the Dischma catchment, for the winters 2002 to 2006.

13



station, SLF, Flüelastrasse, is located on �at terrain at 1567 m a.s.l. on the
valley �oor of Davos. This station has automatic snow height measurements
using an ultrasonic sensor but its data is not �ltered. The spikes (mostly
occuring during snow fall events) are clearly visible, the vegetation growth
(Jonas, 2008) and mowing are also visible in summer. This station is not
compared against data from the same location in the simulation because it
is slightly outside the simulation domain. The simulated data comes from a
cell located 400 m to the south, at the same elevation and also on �at terrain
on the valley �oor.

The comparison between the measured and the simulated data shows the
model to be in reasonable agreement with the measurements. The Stillberg
station has a slightly better agreement than the other stations, which may be
derived from the fact that this station contributes to the meteorological input
(which of course does not include snow depth). At the end of the season the
model overestimates the snow heights at lower elevation stations for winters
2002 and 2003 while the correct snow depth is modelled for winters 2005 and
2006. Nevertheless, this comparison builds con�dence that this modelling
approach can be used from studying trends of climate change impact on
snow cover.

4.1.2 Discharge

For the Dischma catchment, the simulated discharge is compared to the
measured �ow at the gauging station Dischma Kriegsmatten (1668 m a.s.l.).
Precipitation (monthly and weekly average) is shown together with simulated
(reference) and measured discharge in Figure 9. The monthly and weekly
precipitation rates were calculated from hourly measurements made at the
Weiss�uhjoch station located 4 km north of the Dischma catchment outlet,
at an altitude of 2537 m a.s.l. A daily average discharge is also provided as
a basis for averaging over the years.

Note that the discharge simulation was made with generic parameters
for the runo� module, as in Lehning et al. (2006). These parameters are
based on estimated reservoir sizes for the conceptual sub-surface routing. A
better match between observed and simulated discharge could certainly be
obtained by a parameter calibration on each catchment. This appears to be
inappropriate for the current application for two reasons. Firstly, since the
Inn catchment is heavily managed for hydro-power generation, a calibration
procedure is impossible there and standard parameters therefore have to be
used. It is then consistent to use standard parameters for Dischma, too.
Secondly, a calibration could mask model problems and since Alpine3D is
constructed to rely on physical process representation, a calibration contra-
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Figure 9: Comparison between measured and modelled daily discharge for
the Dischma catchment, averaged over the winters 2001 to 2006.

dicts this model principle.
One possible model problem is apparent from Figure 9: the spring peak

snow-melt discharge is overestimated, while this is compensated by an un-
derestimation of discharge during the summer (smaller but longer lasting).
The reason for this could be a false assumption of sub-surface reservoirs in
the runo� module. A known weakness of Alpine3D, which could also add
to this problem, is that too much snow is usually simulated in steep terrain
at high altitudes, especially if the model is run without the drifting snow
module. The fact that in reality little snow is deposited in steep rock walls
is not captured by the model. Additionally, Alpine3D cannot recognize very
steep slopes as they are smoothed according to the resolution of the digital
elevation model.

The overall nature of the discharge is, however, satisfactorily captured by
Alpine3D. We judge the discharge simulation to be su�ciently accurate to
proceed with climate change simulations. Note that the Inn discharge pro�le
is qualitatively similar to the Dischma discharge under the current climate,
although the valley is dryer (Figure 4).
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4.2 Results

4.2.1 Snow cover changes

First we will discuss the snow distribution in the catchments: Figure 10.a
shows the distribution of snow for the current climate. The average snow
water equivalent for each altitude band is represented as a function of the
time of the year. Note that the snow cover in recent years has already visibly
decreased compared to pre 1980 (Marty, 2008). Under the current climate,
the transition between marginal and dominant snow cover appears to be
around 2000 m a.s.l. Above this altitude, snow is present 9-10 months per
year.

The average snow distribution for scenario runs A2 and B2 are provided in
Figures 10.b and 10.c. The average snow water equivalent for each altitude
band as a function of the time of the year changes dramatically in both
scenarios and for both catchments (Dischma and Inn). At all elevation ranges
the maximum snow water equivalent and the duration of a signi�cant snow
cover would be reduced. The reduction in snow would be even more severe
under the A2 scenario.

When looking at timing and magnitude of the peak snow water equivalent,
we arbitrarily introduce two classes: above and below 2000 m a.s.l. For the
lower elevation of the Dischma catchment, we can observe that the peak in
snow water equivalent shifts by 36 days from April 11 to March 6 in the A2
scenario and by 28 days from April 11 to March 14 in the B2 scenario. The
maximum snow water equivalent is reduced by 47% and 36% in the A2 and
B2 scenarios, respectively. For the higher elevation, the change would be
similar (44% and 29% for the two scenarios) but the time shift would be less
pronounced (16 and 7 days respectively). It is interesting to note that the
changes in the A2 scenario would roughly correspond to shifting the reference
simulation down by 900 meters for both catchments. The numbers for the Inn
catchment are similar for the maximum snow water equivalent reduction, but
the trends on the time shift are opposite, seing a slightly increased shift for
the higher altitudes compared to the lower altitudes (15 days above 2000 m
compared to 7 days below 2000 m for both scenarios). This is suspected to be
the result of the uncertainties of our approach and may be related to the lack
of input data representative of the highest elevations for the Inn catchment.

The time of the year at which the last snow disappears in a given alti-
tude band has also been extracted from the simulations and averaged over
the simulation period. In order to do so, a 20 mm Snow Water Equivalent
threshold has been arbitrarily de�ned to be "no snow left". The begining of
a new snow season for a given altitude band is de�ned as the �rst day from
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Figure 10: Snow water equivalent in the Dischma catchment for each altitude
band, averaged over the winters 2001 to 2006. a) reference, b) scenario A2,
c) scenario B2.
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Figure 11: Snow water equivalent in the Inn catchment for each altitude
band, averaged over the winters 2002 to 2006. a) reference, b) scenario A2,
c) scenario B2.
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Figure 12: Altitude dependency in the establishment of a continuous snow
cover and its melting for the climate scenarios and the reference simulations
for the Inn and the Dischma catchments.

19



O N D J F M A M J J A S O
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

sn
o

w
 h

ei
g

h
t 

(m
)

Stillberg

2131 m

O N D J F M A M J J A S O

Teufi

1702 m

O N D J F M A M J J A S O

SLF Davos

1560 m

ref.

A2

B2

Figure 13: Comparison between average snow depths at three stations be-
tween the reference run and scenarios A2 and B2.

which the average snow water equivalent of the entire altitude band never
goes below the threshold anymore. The end of the snow season is de�ned as
the �rst day that sees the average snow water equivalent of the entire altitude
band dropping below the threshold. Practically, this means that snow accu-
mulated in a shaded area could signi�cantly contribute to alter the begining
and end dates of the snow season for its elevation band. Nevertheless, this
de�nition makes sense from an hydrological point of view as it represents
the contributions of a given elevation band to the global discharge of the
catchment.

The snow cover duration curve is shown in Figure 12. The reference sim-
ulation as well as the climate scenarios have been plotted for comparison.
First, the begining of snow season di�ers between the Inn and the Dischma
catchments. It might come from the relatively dry climate of the Inn catch-
ment. This is very visible in Figure 11.a where for a lot of altitude bands
the snow season starts during a speci�c precipitation event at the end of
November. The melt phase however, is not signi�cantly a�ected by precipi-
tation, therefore the two catchments show very similar behavior. Note that
the continuous snow cover criteria can never be ful�lled in an average year
below 1000 m a.s.l. (for the reference run), therefore no data is produced for
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these low elevations.
For the Dischma catchment, the two climate scenarios would di�er ap-

proximately by a constant o�set. However, the snow season duration is more
a�ected at higher altitudes. This result on future snow cover temporal pat-
terns di�ers from the observations on past snow cover patterns made by
Marty (2008), who found that altitudes below about 1800 m have already
shown a stronger reaction on observed warming than higher altitudes. Since
the Inn simulation does not show such an elevation dependence, the result
might again be a consequence of the altitude - exposition distribution in
the Dischma catchment. A further reason might be that the strong scenario
shifts the altitude band of maximum sensitivity upwards. This is discussed
further in the conclusions.

It appears with the predicted warming that permanent snow or ice would
no longer be possible in the Dischma or Inn catchments, which is in agree-
ment with the prediction that the few smaller glaciers at these lower altitudes
would completely disappear in the Alps (Zemp et al., 2006). The elevations
which have the highest area fractions would experience a complete melt ap-
proximately 40 days earlier in the A2 scenario and 35 days earlier in the B2
scenario. The highest elevations would experience a 60 or 50 day shift earlier
for scenarios A2 or B2, respectively. For the Inn catchment, most altitudes
would experience a complete melt approximately 40 days earlier in the A2
scenario.

Finally, the Figure 13 shows the same stations as used for the veri�cation
in Figure 8, but now comparing the outputs of the two climate scenarios.
The snow season would be shortened as described above, but the snow height
would be more a�ected at lower elevations: the A2 scenario would experience
a 40% reduction of snow height for Stillberg, a 49% reduction at Teu� and
a 54% reduction at the SLF, Davos station. In the B2 scenario, these would
become 30%, 33% and 42% respectively.

4.2.2 Discharge

The changes in snow cover discussed above are consistently represented in
discharge changes. Figure 14 shows the measured and simulated discharge in
the same format as Figure 9, adding the simulated results of the two climate
scenarios A2 and B2 described in section 2.1.

The major change that is visible when comparing the reference simula-
tion discharge and the climate change scenarios discharges is a strong peak in
early May in the climate change scenarios not visible in the reference. This is
the beginning of snow melt in the catchment, which occurs a month earlier in
both scenarios than in the reference case. There are two main observations
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Figure 14: Daily values of discharge at the Dischma and Inn catchments, for
the reference and scenario simulations, averaged over the winters 2001-2006,
2002-2006 respectively.

to be made: (i) the snow-melt discharge peak is not only earlier but also
more pronounced for the Dischma catchment; (ii) the higher snow melt peak
is more concentrated in late spring / early summer, while it is spread over a
longer period under the current climate. This means that snow contributes
to the discharge over a much shorter time but at the same time the proba-
bility of spring �ooding might increase. The two scenarios are qualitatively
similar, yet showing di�erences in the magnitude of snow-melt discharge.
The two scenarios merge again in June, indicating the time at which the
in�uence of snow melt on discharge becomes negligible in the catchment for
both scenarios. Over the summer, discharge is then determined by rainfall.
In contrast, the reference run shows snow in�uence on discharge until early
August � discharge from snow therefore being signi�cant for a large part of
the year.

For the Inn catchment, the spring discharge peak is not as pronounced
as for the Dischma. The Inn catchment being much dryer than the Dis-
chma catchment, particularly in winter, the spring discharge depends on
snow built-up during late fall. Since in the A2 scenario these precipitation
events occur as liquid precipitation for a much larger fraction of the altitudes,
there is less snow available to melt in spring. Therefore, despite an earlier
and shorter melt period for the Inn catchment, there is no increase in the
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amplitude of the spring discharge. Moreover, the lowest elevations are not
able to build up a snow pack anymore and thus can not contribute to the
discharge in the spring. This is in contrast to the Dischma simulation which
contains a much narrower range of elevations, hence the fraction of snow
free altitude bands is insigni�cant. Finally, the more consistent distribution
of exposure in the Inn simulation means that shading e�ects do not have a
strong impact on the discharge (a given altitude band melts more uniformly)
compared to the Dischma catchment (as shown in Figure 3).

Another feature of the data is local discharge peaks in late autumn: in
the reference simulation, for both catchments, the precipitation events at
that time of the year produce snow down to 1600 m a.s.l., not leading to
a signi�cant discharge increase. In the climate change scenario, no snow is
seen below 2200 m a.s.l. and signi�cant discharge peaks are created. Again,
since the Inn catchment contains a signi�cant proportion of low elevations,
this e�ect is ampli�ed and might increase the risk of �ooding.

4.3 Limitations

4.3.1 Climate models

The meteorological input data for the Alpine3D future snow cover simula-
tions was derived from observed data outside the RCMs reference period.
Better practice would have been to have a model run driven by observed
data within the RCMs' reference period. This would have been possible but
at the expense of losing the spatial resolution of input data, i.e. losing 9 out
of 10 stations for the Dischma run. This is because the monitoring network
IMIS which was founded in 1998, only achieved a reasonable station density
around 2002. Hence for the reference run we chose a period (2002-06) slightly
after the RCM reference period (1961-90) assuming this would be still rea-
sonably close to the reference period if compared to the 2071-2100 period.
Applying shifts in meteo variables stemming from simulations of two periods
110 years apart to describe snow cover changes over a 90 year period might
lead to a slight overestimation of predicted changes. However, this problem
should be partly mitigated, if � as expected � climate change will become
more pronounced towards the second half of the century.

We also chose to combine the climate change predictions from 6 RCMs
to stipulate at least 4 numerical experiments (2 scenarios, 2 catchments)
as it would not have been possible to run 24 numerical experiments due
to computational constraints. Therefore we cannot discuss the in�uence of
uncertainties in the input data on variation in the output results. However,
using 2 scenarios (SRES A2 & B2) allows at least some basic consideration
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of uncertainty in the driving data.

4.3.2 Alpine3d limitations

This study uses Alpine3D to predict snow cover changes and associated
changes in discharge based on climate change scenarios. In addition to the
uncertainties coming from the climate change calculations, this introduces
uncertainties related to the model, which are discussed here. (i) A major
weakness of any such study is that the climate change scenario data are a
priori inconsistent with the result of the physical downscaling. The example
of the snow cover is very illustrative in this context. While most climate
models use a very simpli�ed snow description and are not able to resolve
smaller scale topography in the mountains because of their coarse resolution,
the downscaling produces a much more detailed snow representation, which
must therefore be locally inconsistent with the climate model. In our study
we assume that the stochastic method of applying changes in the forcing
parameters to locally measured time series is a reasonable way to deal with
this inconsistency. (ii) A second source of uncertainty is the interpolation
of meteorological �elds necessary to drive Alpine3D. While the input �elds
are based on local measurements as described above, the resolution of the
stations is still insu�cient to represent the small scale variation of weather
in such mountainous terrain. Therefore, the predictions of the local snow
cover dynamics represent the error from the interpolation of weather input.
While the absolute error arising from this may be quite large, the uncer-
tainty should be limited as far as the assessment of change is concerned.
Nonetheless this is considered to be a signi�cant yet hard to quantify source
of uncertainty. (iii) For the scale investigated here, lateral transport of snow
through wind and avalanches has been neglected. This error is also thought
to have more in�uence on the absolute amount of snow present at a grid
point than for a prediction of change. (iv) The one-dimensional energy and
mass balance of SNOWPACK is thought to be very accurate and a minor
source of error. This has been validated for many climates worldwide and
the change simulations should not therefore have a major uncertainty derived
from this. (v) The conceptual runo� part is only responsible for the sub-soil
water movement and should therefore also be robust for our climate change
simulations.
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5 Conclusions and implications

In this paper we presented model simulations of climate change impact (sce-
narios A2 and B2) on snow and runo� in two Alpine catchments. The two
catchments, Dischma and Inn, have di�erent sizes (43 km2 and 1945 km2,
respectively) and di�erent characteristics. Both represent rather dry inner-
Alpine conditions with the Inn catchment being very dry and the Dischma
catchment being climatologically at the transition between the wetter north
and the dryer Inn valley.

It has been shown that even with very di�erent catchment sizes, the
response of the runo� and snow cover to the climate change scenarios is
qualitatively similar. On the other hand, the distribution of altitudes in a
given catchment has a strong quantitative in�uence on the runo�: catchments
whose elevation range is mostly centered around the current snow line are
experiencing the most changes in these scenarios. In this context, we also
looked at the sensitivity of snow cover duration to an increase in temperature,
similar to what Hantel and Hirtl-Wielke (2007) de�ne as sensitivity of the
Alpine snow cover (not shown). For the two catchments investigated no clear
trend (or a clear local maximum) of this sensitivity could be found, probably
because of two reasons: (i) the joint distribution of altitude and exposition
will mask such a trend for the limited size of catchment investigated here;
and (ii) the strong changes in the two scenarios will lead to a shift of the zone
of maximum sensitivity as described by Hantel and Hirtl-Wielke (2007) over
several altitude bands. This sensitivity will however be further investigated
in future.

The most prominent �nding is that the mountains in the south-east
of Switzerland would no longer support a permanent snow cover and that
glaciers would therefore disappear, if our model assumptions discussed above
are justi�ed. The changes in snow cover would generally be signi�cant and
comparable to a shift in altitude of up to 900 m. The runo� would also be
heavily a�ected. The current regime of having a signi�cant part of the an-
nual runo� shaped by snow melt would change to a regime where snow melt
would occur during a short time in late spring, producing a large but short
runo� peak. This new regime may be problematic regarding water resource
management in the dry inner-alpine valleys and may also increase the risk of
�ooding from rain on snow events.

In the future, we plan to eliminate known weaknesses of Alpine3D, such
as the errors introduced by spatial interpolation of the meteorological �elds
and the bias towards too much snow on steep slopes in high altitudes. We will
also use Alpine3D to investigate individual components of the hydrological
balance as a function of the climate change scenarios. We therefore plan to be
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more rigorous about the stochastical climate generation for the local catch-
ments and to look at individual drivers of climate change such as changes
in snowline, changes in melt and changes in precipitation. Additionally, we
will be aim to understand the changes in soil moisture and evaporation. Not
much work has been done on evaporation from snow surfaces and the changes
in snow cover will also result in changes of evaporation patterns.
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