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Snow cover response to climate change in a high alpine
and half-glacierized basin in Switzerland
Jan Magnusson, Tobias Jonas, Ignacio López-Moreno
and Michael Lehning

ABSTRACT
In alpine areas, the accumulation and melting of snow controls the hydrological regime. Even in
watersheds where glacier melt dominates, the snow pack strongly influences the stream-flow
dynamics. Prognostic simulations of the response of the snow pack to climate change were
conducted in a high alpine and half-glacierized basin in central Switzerland. The snow cover and
glacier were simulated using a high-resolution alpine surface model. The simulations cover a
reference period (1981–2007) and two predictions (2071–2100) where the measured records of
temperature, precipitation and longwave radiation were modified using six regional climate model
projections for two different emission scenarios of greenhouse gases. The results show that the
snow season shortens by one month at the beginning of the winter and by one and a half
months at the end of the season, compared to today. The maximum snow water equivalent
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decreases by 27% on average. The difference in the response of the snow pack to a change in
climate between the emission scenarios is rather small. The most pronounced effects of a
warming climate are simulated for the highest altitudes, where all snow completely melts during
summer and no snow remains for glacier accumulation.
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INTRODUCTION
Snow dominates the hydrological cycle in many alpine

summer. The water is often managed in reservoirs for later

watersheds. The influence of the snow cover on the seasonal

production of hydropower during times of increased energy

patterns of stream-flow increases with altitude. In mountain

demand (Schaefli et al. 2007). In case of global warming, the

regions, the spring snowmelt is often the largest contri-

accumulation and melt of snow are expected to change and

bution to runoff throughout the year (Swift et al. 2005).

affect the hydrological regime in large parts of the world

On the other hand, discharge levels remain low during

(Barnett et al. 2005). From the hydrological point of view,

winter in snowmelt-dominated regions. On higher altitudes,

prognostic simulations of the impacts of climate change on

the snow never melts and instead contributes to glacier

the snow are necessary.

regeneration. Even in watersheds where ice melt dominates

The depth and duration of the snow cover in the

the stream-flow dynamics, snowfalls on the glacier during

Alps depends on elevation and typical weather conditions

summer increase the surface albedo. This leads to reduced

prevailing during individual winters, and is sensitive

melt rates with a significant effect on the temporary

to changes in climate (Beniston et al. 2003a; Laternser &

discharge dynamics. The meltwater from snow and ice

Schneebeli 2003; Scherrer et al. 2004; Scherrer &

provides water for drinking and irrigation in spring and

Appenzeller 2006). The most marked changes of the snow
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pack have been observed at sites on lower elevations, where

with a rather simple representation of the energy budget.

relative changes are greater because of the shallow snow

In spite of the existing studies dealing with the snow cover

cover compared to the thicker snow packs at higher

response to climate change in the Alps, many important

altitudes (Beniston 1997; Marty 2008). By combing trend

regions have not yet been investigated with appropriate

analyses of historic snow measurements with predicted

model simulations.

changes in temperature and precipitation, the duration of

This paper examines the snow cover response to climate

the seasonal snow cover is expected to shorten by about two

change in a high alpine and half-glaciated watershed where

months at the end of the 21st century in the Swiss Alps

the hydrological regime is dominated by the accumulation

(Beniston et al. 2003a; Wielke et al. 2004). The above-

and melting of snow and the glacier itself. The snow cover,

mentioned findings are based on measurements on lower

in combination with the underlying glacier ice, was

elevations, while conclusions regarding higher mountain

simulated with the physically based and spatially distributed

ranges are more uncertain.

model Alpine3D (Lehning et al. 2006). The simulation

Model studies of the snow cover response to changes in

covers almost 30 years with meteorological measurements

future climate in the European Alps are mainly included in

from 1981 to 2007. Measurements of temperature, precipi-

assessments of the hydrological regime shift following

tation and radiation were modified using a statistical

glacier retreat. The results are consistent and show earlier

downscaling method to simulate the snow cover character-

snow cover depletion, enhanced glacier retreat and that the

istics expected by the end of the 21st century, according to

amount and timing of basin runoff will change (Bultot et al.

projections by six different regional climate models (RCMs).

1994; Middelkoop et al. 2001; Shabalova et al. 2003; Jasper
et al. 2004; Huss et al. 2007). However, the representation of
the snow cover in the models used in these studies is based

Study area

on the temperature index method. This approach relies on

The Damma glacier basin, northerly of the main Alp ridge

the assumption of stationary calibration parameters, which

in central Switzerland (N 46838.1770 , E 08827.6770 ) has an

may not be valid in the case of an increase in temperature

area of 12 km2 and elevations from 1,844 to 3,621 m a s l

outside of the calibration range. In this respect, energy

(Figure 1). The weather is mainly influenced from the

balance models may be more reliable. However, crucial to

north as the main ridge of the Alps in the south acts as a

all snow models is that they are driven with consistent input

climate barrier. The runoff from the basin discharges

data representative of the study area, which may be a main

entirely to a hydropower dam (Göscheneralpsee). Measure-

challenge in complex alpine topography.

ments of the glacier extension started in 1921 and since

Simulations using energy balance models show simi-

then the glacier front has retreated by about 10 m per year

lar trends in snow cover depletion and a shift in discharge

(Hammerli et al. 2007). An advance of the glacier front was

regime for the European Alps due to global warming

recorded between 1972 and 1991. Today, the glacier

(Gellens et al. 2000; Etchevers et al. 2002; Beniston et al.

occupies about 5 km2 of the total basin area. The catchment

2003b; Keller et al. 2005; Bavay et al. 2009). These studies

is underlain by granite bedrock and glacier tills are to

focus on large watersheds mainly without glaciers where

be found on the land, which until recently was covered by

temperatures are relatively warm compared to the higher

the glacier.

regions in the Alps. For cold regions climate change
may even lead to faster snow accumulation because of an
expected increase in precipitation during winter, contradicting the above-mentioned findings (Hosaka et al. 2005;
Raisanen 2008). The energy balance models used in

DATA AND METHODS
Model description

previous studies often have a limited representation of

Alpine3D is a spatially distributed model based on the

the effect of the mountainous terrain on snowmelt. Snow

physical behaviour of snow and is designed for high-

cover is represented on a single-layer basis, and therefore

resolution simulations of mountain surface processes in
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The model was initialized with the glacier extent of the year
2000. The change in glacier extent within the simulation
period was considered negligible because it only affected a
few grid cells around the glacier tongue. In two further
simulations, the snow cover at the end of the 21st century
was modelled. These simulations were initialized without
the glacier as studies predict that glaciers of similar size and
Figure 1

|

Left panel: Map of Damma glacier watershed (polygon in center of image)
and surrounding area, location of weather stations (black triangles) and
snow stations (grey circles). The area shown in the map is located in
central Switzerland (upper left inset). The glaciated areas within the
watershed are shaded (close-up in lower right inset). Right panel:
Distribution of elevation within the watershed.

at similar altitude ranges are expected to have completely
melted due to global warming by then (Horton et al. 2006;
Zemp et al. 2006). The focus of this study is on the dynamics
of the seasonal snow cover. Ice and firn underlying the
snow profiles were therefore removed in a post-processing

alpine terrain (Lehning et al. 2006). The snow pack is

step (firn was defined as snow older than one year).

modelled by solving the heat and mass transfer equations of

In the first simulation, the present conditions were
modelled using unmodified regional meteorological
measurements from 1981 to 2007. In the two prediction
simulations of the future, the snow cover conditions were

the snow cover. Simulations of the snow microstructure
development within each layer of the snow pack determine
the thermal conductivity and viscosity (Lehning et al. 2002).
As a stand-alone application, the snow module (SNOWPACK) has previously been used for climate change impacts
research (Rasmus et al. 2004) and is also capable of
representing phase changes and densification from snow
to ice. It can therefore be used for simulating glacier
development and the transformation between snow and ice
(Obleitner & Lehning 2004; Michlmayr et al. 2007). The
radiation distribution in the basin is described by a viewfactor approach while solar shadowing, reflections and
long-wave irradiance by surrounding terrain are included in
the energy balance (Fierz et al. 2003).
Alpine3D is initialized with a grid-based digital
elevation model (100 m resolution) and a description of
the soil properties on the same lattice. The simulations are

modelled for the period 2071 –2100 for two different
emission scenarios of greenhouse gases. The two different
emission scenarios were the Special Report on Emission
Scenarios (SRES) A2 and B2 scenarios defined by
the Intergovernmental Panel on Climate Change (IPCC)
(Nakicenovic et al. 1998). Scenario A2 predicts a strong
increase of carbon dioxide in the atmosphere, whereas
scenario B2 predicts a moderate increase of greenhouse
gases. For both prediction simulations, the observed
regional meteorological measurements from 1981 to 2007
were modified to be representative of the future period
based on the differences between the control and scenario
runs of an ensemble of RCM simulations (for details see
section ‘Model input: Modifying regional measurements to
future conditions’).

driven by hourly meteorological measurements or predic-

Finally, as input for the three simulations, the observed

tions of air temperature, relative humidity, wind speed,

and the modified measurement series were distributed to

precipitation and incoming long- and shortwave radiation.

the model grid either by interpolation as a pre-processing

Data are provided by several surrounding automatic

step or by the radiation module of Alpine3D (see following

weather stations (details below). Precipitation is measured

section for details).

by heated gauges where, for each grid cell, the model
determines whether precipitation falls as rain or snow by
means of the local air temperature.

Description of the model simulations

Model input: distributing regional measurements
to the watershed
Hourly measurements (observed or modified to future
conditions) from eleven stations surrounding the basin

Three model simulations were completed for this study.

were used to drive the model. These stations are located

In a first simulation, the present snow cover was modelled.

at a distance of 10 – 41 km away from the study area,
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and represent an altitude range 451 – 3,580 m a s l (Figure 1).

models: HIRHAM (two different model runs available from

Temperature, humidity, wind speed and precipitation input

the Danish as well as the Norwegian Meteorological

data were distributed to the model grid using the interp-

institutes),

PROMES

(Universidad

Complutense

de

olation methods of Zappa et al. (2005) for meteorological

Madrid), RCAO (Swedish Meteorological and Hydrological

data. For these parameters, inverse distance weighting was

Institute), HadRM3P (Hadley Centre for Climate Prediction

selected as an interpolation method (Shepard 1968) in

and Research) and RegCM (Abdus Salam International

combination with elevation-dependent detrending. How-

Centre for Theoretical Physics of Weather and Climate

ever, radiation measurements were distributed within the

Section). Information about the different models is available

watershed by the complex-terrain radiation module of

in the final report of the PRUDENCE project, where further

Alpine3D (Fierz et al. 2003). Hourly measurements of

references are also given (Christensen 2005).

incoming shortwave radiation were acquired at a station

The observed data series of precipitation, incoming

12 km away from the basin. Longwave radiation has not

longwave radiation and temperature were modified to

been measured in the vicinity, but was modelled from

represent climatic conditions towards the end of the 21st

temperature, relative humidity and sunshine duration data

century, largely by following the methods described in

(from the same station that provided shortwave radiation

Lopez-Moreno et al. (2008) and Bavay et al. (2009). An

data) using methods given by Pirazzini et al. (2000).

outline of the methodology is given below.

Pirazzini derived the incoming longwave radiation by

First, the daily precipitations simulated for each of the

applying the Stefan-Boltzmann equation using measured

six different RCM runs were pooled into 12 £ 3 classes

air temperature and an estimate of the atmospheric

according to 12 months and 3 projections (current

emissivity. The clear sky emissivity was described as a

conditions, scenarios A2 and B2) (Figure 2, step 1). Second,

function of air temperature and water vapour pressure, the

within each of these 216 classes the values were subdivided

latter estimated from measurements of relative humidity

into decile ranges (i.e. the lowest, second-lowest, … , highest

and air temperature. Pirazzini included a correction factor

10% percent of data) and the mean of all values within each

to adjust for the increase in emissivity of a clouded sky.

decile (decile mean range or DMR) was derived (Figure 2,
step 2). Third, the separate DRM values were averaged over

Model input: modifying regional measurements
to future conditions

the six RCM runs (Figure 2, step 3). Fourth, the difference
between the two future scenarios and the current conditions
was described by dividing the DRM values for each scenario

To generate meteorological conditions representative of

by the respective values of the reference simulations. This

possible future climate characteristics, changes in tempera-

procedure finally results in 10 DRM quotients per 12

ture, precipitation and incoming longwave radiation were

months per 2 scenarios (Figure 2, last step).

taken into account. These parameters were expected to

To generate model input data for the two scenarios, the

have the greatest influence on the seasonal snow pack

measured data were manipulated using these DRM quo-

development. To estimate possible future climate con-

tients. The measured precipitation data were pooled into

ditions, RCM simulations were used (Christensen et al.

monthly classes. For each of these 12 classes, the DRM

2007) of daily minimum and maximum temperatures, daily

values were calculated and each measured value was also

accumulated precipitation and daily averages of incoming

assigned to its specific decile range. This allowed each

longwave radiation. These simulations were available for a

measured precipitation value to be manipulated by multi-

control period (1961 – 1990) and for a future period (2071–

plying it with its month-, deciles range- and scenario-

2100) with a spatial resolution of 50 km on the public

specific DRM quotient (Figure 3, left panel). To modify the

PRUDENCE data archive (http://prudence.dmi.dk).

incoming longwave radiation measurements, the same

Data were downloaded for (1) the nearest grid cell to

method was applied as for precipitation but with two

the study site, (2) the two IPCC scenarios of greenhouse gas

exceptions. First, the DRM values of daily averages were

emission A2 and B2 and (3) simulated by the five following

determined instead of daily sums. Second, the effect of
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Ref
A2
B2

Jan
Feb
...
...
...
...
...
...
...
...
...
Dec

Step 2:
Determining
decile range means
(DRMs)

Jan
Feb
...
...
...
...
...
...
...
...
...
Dec

Per RCM
Step 1:
Pooling data into subsets
per RCM run and month

Ref
A2
B2

Per RCM run and month
Mean of highest 10% of data
Mean of 2nd highest 10% of data
...
...
...
...
...
...
...
Mean of lowest 10% of data

"DRMs"

Per REF/A2/B2 and month
Step 3:
Averaging DRMs
over 6 RCMs

Step 4:
Calculating
relative or absolut
DRM changes
Figure 2

|

Per A2/B2 and month
Ref
A2
B2

A2-Ref
B2-Ref

For temperature
and radiation

A2/Ref
B2/Ref

For precipitation

Flowchart illustrating the statistical downscaling procedure adopted from Bavay et al. (2009).

climate change was described with differences instead of

between the modified daily maximum and minimum values

quotients between the two future scenarios and the current

were determined in two steps. First, for both the originally

conditions (Figure 3, right panel).

observed as well as the already changed daily extreme

As temperature exhibits a daily cycle, the above-

values, a linear change was assumed for the temperatures

described methodology was extended to account for the

lying between observations. Second, the differences bet-

change in daily temperature range also. Therefore, the

ween these two curves were added to the observed record

highest and lowest daily temperatures were modified

of hourly temperatures. Note that this modification does

separately (Figure 4). Finally, the hourly temperatures

not deform the altitudinal gradients as observed for the
present conditions.

RESULTS
Validation of reference simulation
The modelled snow depths for the reference simulation
were compared against independent measurements of snow
depth (Figure 5). Measurements were only available from
Figure 3

|

Change in precipitation (left panel) and incoming longwave radiation (right
panel) due to climate warming for scenario A2 (black line) and scenario B2
(grey line). The line shows the change between the control period and the
two emission scenarios for the fifth decile for each month in the year.
The bars shows the corresponding change for the first and the tenth deciles.
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emission scenarios provide similar precipitation estimates.
For longwave radiation, on the other hand, an increase
throughout the whole year is predicted with significant
differences between the scenarios (Figure 3, right panel).
The offsets lie between 11 and 24 W/m2 for scenario A2 and
between 9 and 17 W/m2 for scenario B2. As expected, they
correlate to the temperature increase which varies differently throughout the year for the daily highest and lowest
temperatures (Figure 4). In August, the increase in the
Figure 4

|

Change in maximum (black line) and minimum (grey line) temperatures for
scenario A2 (left panel) and B2 (right panel). The line shows the change
between the control period and the two emission scenarios for the fifth
decile for each month in the year, and the bars shows the corresponding
change for the first and the tenth deciles.

maximum temperatures (78C for scenario A2 and 58C
according to scenario B2) are greater than for the lowest
temperatures. In winter, on the contrary, the increase in
minimum temperatures (58C for scenario A2 and 38C for
scenario B2) is higher than for maximum temperatures. The

the same grid (100 m resolution) as used for the Alpine3D

monthly spread in temperature therefore increases for the

simulations applying the interpolation methods from Zappa

summer, whereas it decreases during winter.

et al. (2005). The average snow depth for all grid cells of flat
pixels (slope angle less than 158) between 2,000 m and
2,500 m elevation were compared because the interpolation

Snow-covered area and average water equivalent

is only able to reproduce snow depths in regions of similar

of snow

terrain (i.e. flat fields) and of similar altitudes as the stations.

Today, the whole basin is snow covered from the end of

The comparison shows good agreement between modelled

November until the end of May (Figure 6). Even in summer,

and interpolated snow depths. The simulation represents

14% of the catchment remains snow covered and contrib-

dynamic changes well, but underestimates the peak snow

utes to glacier accumulation. The peak in average snow

depths for the first winter and overestimates the snow

water equivalent of 630 mm occurs during the first part of

depths of the 2004/05 and 2005/06 winters.

May. The accumulation period starts at the beginning of
October and the ablation period ends in late August. For
scenario A2, the catchment is completely snow covered

Climate change characteristics
Predicted changes in precipitation show a strong seasonal
pattern (Figure 3, left panel). Winter precipitation is
expected to increase by up to 14% in February. In summer,
however, the climate models simulate a reduction in

from the end of December until mid-April. The predicted
snow season therefore begins almost one month later and
ends at least one month earlier than today. For scenario B2,
the corresponding snow-covered season lasts from midDecember until the beginning of May.

precipitation by around 12% in July and August. Both

Figure 5

|

Modelled snow depths (filled line) and interpolated snow depths (grey area)
averaged over the flatter regions of the basin (slope angle less than 158)
between 2,000 and 2,500 m elevation.
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The effect of climate change on snow covered area (left panel) and on the
average snow water equivalent (right panel). Current conditions (filled line),
scenario A2 (dashed line) and scenario B2 (dotted line).
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In summer, the basin will be snow free under both

the case of a warming climate. The volumes decrease

emission scenarios. For scenario A2, the predicted highest

on the middle altitudes with 0.18 million m3 of water and

snow water equivalent occurs in the later half of April and is

on the higher elevations with 0.51 million m3 of water.

27% lower than today. The timing of the highest snow water
equivalent is similar for scenario B2, which decreases by
18% compared to present conditions. The accumulation

Duration of a seasonal snow cover for different

period starts at the beginning of October and the ablation

altitudes

period ends at the beginning of July for both emission
scenarios. The predicted accumulation of snow seems to
accelerate slightly while, according to these results, the
predicted melting rate will be slower than under current
climatic conditions.

As expected, the duration of seasonal snow cover is longer
at higher altitudes because of the negative temperature
gradient with elevation (Figure 8). Today, the snow season
starts at altitudes just below 2,800 m early in October and
on the lowest elevations of the basin at the beginning
of November. The snow season ends in mid-July just

Variation of snow distribution with altitude
The peak snow water equivalents throughout the year
increase with altitude because lower temperatures at the
uppermost part of the basin allow a longer snow accumulation period (Figure 7). Under present climatic conditions,
the highest snow water equivalent varies from 640 to
1,925 mm depending on altitude. Almost no snow melts
above elevations of 3,300 m, resulting in peak snow water
equivalents near the total yearly precipitation. For scenario
A2, the highest snow water equivalents vary from 365 to
670 mm depending on altitude. For the less pronounced
scenario B2, the values are slightly higher (from 460 to
720 mm). The changes in volume water stored as snow
depend on the area distribution over the altitudes in the
watershed and the peak snow water equivalents. Today,
most water is stored as snow on the central and highest
elevations with volumes between 0.84 and 0.94 million m3
of water. Here, the greatest decreases are also simulated in

below 2,800 m and at the beginning of June for the lowest
parts. Above 2,800 m, the snow pack lasts the whole
summer during some of the years within the simulation
period. There is therefore no well-defined period with a
seasonal snow cover.
On the high elevations, the snow contributes to glacier
accumulation. For scenario A2, the snow season is expected
to start in late November at low elevations and in midOctober for the highest areas of the basin. The snow season
starts about one month later than today. The snow season
also ends earlier in the future according to these simulations, between the beginning of May and the end of July;
this is around one and a half months earlier than today. The
predicted changes are not as drastic for scenario B2, where
the snow season starts between mid-November and the
beginning of October. For both future scenarios, the snow
cover in the basin is simulated to complete melt-out leaving
no zones for glacier accumulation. The highest snow

Figure 8
Figure 7

|

The effect of climate change on maximal snow water equivalent (left panel)
and total volume of water equivalent (right panel) against altitude.
Current conditions (filled line), scenario A2 (dashed line) and scenario
B2 (dotted line).
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The elevation dependence of the first snowfall that builds a continuous
snow cover until ablation and the shift in timing of highest snow water
equivalent towards winter from spring. Current conditions (filled line),
scenario A2 (dashed line), scenario B2 (dotted line) and shift in
maximum snow water equivalent from current conditions to scenario
A2 (shaded area).
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accumulation, which occurs as the snow water equivalent

less than 28C and simulated precipitation amounts to

reaches its maximum, is simulated to occur one month

compare to observations within 10– 20% for the Alps

earlier than the reference simulation.

(Giorgi et al. 2004). Deque et al. (2005) concluded that
trust in RCM estimates of precipitation can only be
achieved by an ensemble of model runs, as was the case

DISCUSSION AND CONCLUSIONS

with the PRUDENCE project.
Indeed, a follow-up study stated that the simulated

Simulations of the snow-cover response to changes in

climate change signal from the PRUDENCE ensemble is

climate have been presented. The study site represents a

significant compared to the uncertainties between the

typical watershed on higher altitudes, and is covered by a

models (Deque et al. 2007). In this study, the PRUDENCE

glacier to half its extent. The glacier is evidence of cold

model simulations were applied by evaluating the differ-

temperatures and high precipitation rates over the past. The

ences between control and scenario runs. This delta-change

reference and the prognostic simulations cover time periods

approach is less sensitive to problems that may arise if

providing estimates of the conditions of today and at the

the control run is not perfectly representative of local

end of the 21st century.

observations (Raisanen 2008).

Snow-cover models using a degree-day factor approach

The interpolation of the meteorological measurements

can efficiently simulate the spatial and temporal distribution

to gridded model input data may also introduce uncer-

of a snow cover when carefully calibrated (Zappa et al.

tainties in the results. Interpolating techniques cannot

2003). However, such methods may not be appropriate for

represent small-scale processes and local phenomena,

climate change studies. The assumption of stationary

such as catabatic winds from glaciers or effects due to

calibration parameters may not be valid if entering new

persistent cloud patterns, with certainty. However, such

climatic conditions outside of the calibration range. This is

techniques project the main pattern of spatial and

likely to be the case as climate model projections predict an

temporal variability (such as temperature lapse rates) at a

acceleration of global warming in the 21st century (IPCC

level of complexity that allows reasonable seasonal snow

2007). In contrast, models describing internal snow pro-

distribution model results. Using interpolated meteorolo-

cesses and simulating the surface albedo according to snow

gical fields as input to snow models has previously been

grain types seem more capable of representing the energy

shown to give accurate estimates of snow-cover distri-

budget of the snow pack under varying meteorological

butions and discharges in mountainous terrain (Lehning

conditions (Etchevers et al. 2004). This makes them more

et al. 2006; Michlmayr et al. 2007; Bavay et al. 2009;

suitable for estimating trends in the snow pack response to

Hirashima et al. 2008).

climate change. Alpine3D resolves these processes, the

Also in this study, the reference simulation reproduces

snow grain development within each layer of the snow pack

the snow cover reasonably well within the watershed

and its influence on the surface albedo, as well as the

(Figure 5). A further shortcoming relates to the parameter-

interactions of the surrounding terrain on the radiation

ization of longwave radiation, which is typically site-specific.

budget. The heat fluxes at the lower boundary between the

Here, transferability problems may introduce inaccuracies of

snow pack and the ground are also taken into account. The

the modelled snowmelt rates. However, the method used

effect of a glacier beneath the seasonal snow cover is

here was shown to accurately reproduce longwave radiation

therefore modelled well.

for different sites (Pirazzini et al. 2000; Michlmayr et al. 2007)

However, even with an appropriate snow model

and, in this study, the snowmelt rates simulated for the

considerable limitations remain. Part of the uncertainty

current conditions compared well with the observations.

in the model results may arise from inconsistencies

Finally, the redistribution of snow from wind and avalanches

between the RCM projections and the observed meteor-

is important and influences the amount of snow on some

ological records. Single RCM simulations were shown

grid points. The effects over those regions that have been

to reproduce observed temperatures with a bias of

averaged in this study are assumed to be minor.
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simulations

show

drastic

changes

Hydrology Research | 41.3 –4 | 2010

in

both

glacier retreat and soil development, the hydrological

the temporal and spatial patterns of the snow cover in the

response of the type of watershed studied may change.

basin. The snow season shortens by one month at the

Further studies are therefore important.

beginning of the winter and by between one to two months
at the end of the winter, compared to the conditions of
today. Similar decreases in snow season duration in
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decrease in runoff can therefore be expected.
Further, in the studied basin the most marked impacts
of climate warming on the snow pack will occur in the
uppermost parts of the basin. At these locations, a predicted
increase in temperature would lead to a total ablation of
snow; consequently, the present accumulation area of the
glacier would no longer exist. However, the predicted
winter temperatures will still fall below zero at these high
altitudes, allowing a significant snow accumulation. The
predicted increases in precipitation during the first winter
months seem to accelerate the snow accumulation rates
compared to the reference simulation.
On the other hand, the melt rate of the snow pack
seems to decelerate according to the prognostic simulations
compared to the conditions of today. This could arise
because the incident solar radiation is lower during the
ablation period that occurs about one month earlier than
today. As a simple validation of the simulations, the
elevation profiles for the highest snow water equivalent
are to be shifted upwards by about 500 m to match the
current conditions. This corresponds to an increase in
temperature of about 3.58C assuming a vertical temperature
lapse rate of 0.78C, which is between the mean annual
temperature increase expected towards the end of the 21st
century for scenarios A2 and B2 (Figure 4).
This study extends the earlier findings of a decline in
snow cover due to climate change to the higher regions of
the Alps in Switzerland. With a reduced snow cover, further

Downloaded from https://iwaponline.com/hr/article-pdf/370982/230.pdf
by guest

REFERENCES
Barnett, T. P., Adam, J. C. & Lettenmaier, D. P. 2005 Potential
impacts of a warming climate on water availability in snowdominated regions. Nature 438, 303– 309.
Bavay, M., Lehning, M., Jonas, T. & Löwe, H. 2009 Simulations of
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