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Summary

In many instances, snow cover and duration are a major
controlling factor on a range of environmental systems in
mountain regions. When assessing the impacts of climatic
change on mountain ecosystems and river basins whose
origin lie in the Alps, one of the key controls on such systems
will reside in changes in snow amount and duration. At
present, regional climate models or statistical downscaling
techniques, which are the principal methods applied to the
derivation of climatic variables in a future, changing climate,
do not provide adequate information at the scales required
for investigations in which snow is playing a major role. A
study has thus been undertaken on the behavior of snow in
the Swiss Alps, in particular the duration of the seasonal
snow-pack, on the basis of observational data from a number
of Swiss climatological stations. It is seen that there is a
distinct link between snow-cover duration and height (i.e.,
temperature), and that this link has a specific ‘‘signature’’
according to the type of winter. Milder winters are associated
with higher precipitation levels than colder winters, but with
more solid precipitation at elevations exceeding 1,700–
2,000 m above sea-level, and more liquid precipitation be-
low. These results can be combined within a single diagram,
linking winter minimum temperature, winter precipitation,
and snow-cover duration. The resulting contour surfaces can
then be used to assess the manner in which the length of the
snow-season may change according to specified shifts in
temperature and precipitation. While the technique is clearly
empirical, it can be combined with regional climate model
information to provide a useful estimate of the length of the
snow season with snow cover, for various climate-impacts
studies.

1. Introduction

Snow is an essential component of earth system
physics, both at high altitudes and at high lati-
tudes, and any changes in the amount, duration,
and timing of the snow-pack can have long-last-
ing environmental and economic consequences.
Snow determines the timing of peak river dis-
charge during the melting of the snow-pack in
the spring and, in many instances, maintains river
flows even during warm and dry summer periods.
In terms of ecosystems, snow cover protects dor-
mant plants during the coldest part of the year
from damaging frosts; for many plants, snow
melt represents a signal to begin their growth
cycle (e.g. Keller et al., 1999). K€oorner (1994),
for example, has shown that for mountain
regions, the length of the snow season and mini-
mum temperatures are the most important factors
for high alpine vegetation because they deter-
mine the growth and survival rates of numerous
species at high altitudes. Furthermore, and espe-
cially in the Alps, snow is intimately linked to
tourism based on winter sports, on which numer-
ous mountain resorts depend for a substantial
part of their income (Beniston, 2000).

The two principal determinants of snow
are temperature and precipitation; as climate



changes, subsequently modifying temperature
distributions and precipitation patterns, so does
snow amount and duration. The succession of
assessment reports of the Intergovernmental
Panel on Climate Change (IPCC, 1990; 1996;
2001) have re-iterated with increasing confidence
the fact that climate is changing as a result of the
significant increases of greenhouse-gases in the
atmosphere resulting from human activities. This
trend is projected by the IPCC to accelerate in
the course of the 21st century, leading to a warm-
ing of 1.5–5.8 �C on a global average by 2100,
with a ‘‘best-estimate’’ of 2.5 �C (IPCC, 2001).
In mountain regions, an average rise of 1 �C is
accompanied by a general rise of about 150 m
in the altitude of the snowline (Haeberli and
Beniston, 1998). Regional studies of climatic
change in Switzerland (Marinucci et al., 1995;
Beniston et al., 1996; Rotach et al., 1997;
Maisch, 1998) suggest that Alpine temperatures
could rise by as much as 3 �C by 2050, with
possibly increased precipitation in winter but a
substantial decrease in summer. For the Swiss
Alps, a warming of this amplitude would push
the snowline upward by at least 400 m in winter.
This implies that the surface area with a signifi-
cant winter snow pack could be reduced from an
average of 18,000 km2 currently (Baumgartner
and Apfl, 1994) to less than 14,000 km2 by
2050, i.e., a reduction in snow-covered surfaces
of close to 25%. Results from other investiga-
tions confirm the high sensitivity of snow pack
and duration to climate variability (e.g. Cayan,
1996) and observed 20th Century warming (e.g.
Karl et al., 1993a; Dettinger et al., 2002).

It therefore seems appropriate, in view of the
central role snow plays in many natural and eco-
nomic systems, to assess the changes that could
intervene in the mountain snow-pack in a
changing global climate. At present, however, it
is difficult to quantify with any precision the pos-
sible changes that may intervene in the Alpine
snow-pack in coming decades. Orographic precip-
itation in general, and snowfall in particular, are
among the most difficult variables to simulate in
climate models, even at the high spatial and tem-
poral resolutions of current regional climate mod-
els (Giorgi and Mearns, 1991). Some attempts to
address this problem have been undertaken on
the basis of statistical downscaling techniques
(Gyalistras et al., 1994; Zorita and von Storch,

1999, for example), with limited results. Snow-
melt models have been developed (e.g. Martinec
et al., 1983) for use in hydrological runoff mod-
eling systems, and tested in numerous geograph-
ical and climatic regions (e.g. Rango, 1992).
However, these models have no predictive capa-
bility, as they are based on observation and
use Geographic Information Systems (GIS) tech-
niques that link snowmelt to runoff.

More recently, Martin et al. (1994) have devel-
oped a statistical snow model in a computer-based
expert system, and incorporated this to the French
general circulation climate model ARPEGE.
Interesting results on future snow-pack trends in
the French Alps were reported by Martin and
Durand (1998). However, this system has a num-
ber of limitations in its long-term predictive
capabilities, as the authors themselves point out.

It is thus unfortunate that the future evolution
of a key parameter capable of exerting major
controls on numerous elements of the earth
system cannot be accurately predicted for the
time being, particularly at the scales required
by the climate-impacts community. One possible
manner of addressing the issue of snow-pack
duration resides in an approach that is based on
a statistical and historical analysis of snow in the
Swiss Alps. The behavior of snow as a function
of temperature, precipitation, and altitude for a
number of Swiss climatological sites will be dis-
cussed in this paper, with a view of establishing
a temperature-precipitation matrix upon which
snow cover is superimposed. It will be seen that
this matrix can be applied not only to current but
also to future climatic conditions, at the very
local scales required for ecological and hydro-
logical impacts studies. It should be emphasized,
however, that this is a first attempt to address
such issues and will need substantial refinement
in the future in order to be more widely appli-
cable to climate impacts studies.

2. Particularities of the Alpine snow-pack
in the 20th century

2.1 Data sets used

Human perception of climatic events such as the
frequency of ‘‘white Christmas’’ or the fact that
‘‘in the past, snow was more abundant than
today’’ are biased by a relatively short collective
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memory. In addition, it is often the case that one
particularly notable event (e.g., a severe snow-
storm or an unusual accumulation of snow) trig-
gers the perception that these events are the
norm. Another popular belief is that there has
been a shift in the seasonality of snow in the
Alps, with the season beginning later in the year,
but also ending later in the spring. A genuine
shift in the timing of the snow season or a
decrease in the quantity of snow would indeed
have significant repercussions upon many natural
and socio-economic systems. Indeed, if the gen-
eral perception of stakeholders is based on mis-
conceptions rather than on facts, then certain
long-term economic or policy decisions (for
example, regarding investments for ski-lift infra-
structure) may be taken in an inappropriate
manner.

In the present study, climatological data from
the Swiss meteorological service, MeteoSwiss
(Bantle, 1989) have been used. Figure 1 shows
the location of the 18 observational sites in
Switzerland that were used, where snow data is
available in digital form since at least 1960.
These climatological stations span a range of

altitudes from 300–2500 m above sea level, as
given by the inset that shows the altitudinal
distribution of the stations selected for this
investigation.

It should be emphasized that the best available
data has been used here, but that the quality of
some of the information may be somewhat open
to question, thus requiring caution in the data
interpretation and analyses that follow. Raw data
has been employed in the present study, princi-
pally because if similar studies were to be con-
ducted elsewhere, to check the consistency of
results with those reported here, it is unlikely that
data from other regions would be homogenous.
Over the years, site changes may have biased
some of the results; for example, the Davos
observing site has undergone a shift in geogra-
phical location in the 1970s, while the high-ele-
vation S€aantis site is located at a mountain
summit, where strong winds and nearby con-
structions may perturb the snow records. How-
ever, as will be seen later, the overall
conclusions would not change significantly from
those reported in this study, even if data were
homogenous or if sites were free of site-specific

Fig. 1. Map of Switzerland showing the location of the 18 climatological observing sites used in this study. The inset shows
the altitudinal distribution of the 18 sites, for 500 m intervals ranging from 500 to 2,500 m above sea-level
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characteristics that interfere with measurements.
It may be further argued that there is a large
heterogeneity in the geographic distribution of
the measurement sites, with site-specific charac-
teristics that would be capable of biasing clima-
tological statistics. However, experience with the
data has shown that, when considering medium
to long-term averages, the local biases tend to be
removed and the spatial heterogeneity is no
longer an obstacle to considering data from the
different observational sites simultaneously.
Moreover, Jungo and Beniston (2001) have
shown through cluster analysis that, despite indi-
vidual site heterogeneity, there is a close resem-
blance between climatological variables in
different parts of Switzerland, particularly on an
altitudinal basis. Finally, the observational sites
located on the southern slopes of the Swiss Alps
facing Italy have not been considered in the pres-
ent analysis. This is because the particular cli-
matic regimes in this part of the Alpine chain are
closely governed by Mediterranean influences.
These have a distinctly different character to
the regimes influencing the north of the
Alps; Mediterranean air masses spill over only

occasionally into the mountains themselves or
to the lowlands north of the Alps.

2.2 Shifts in the snow season

An example of the distribution of snow amount
on a seasonal basis is given for the site of Arosa
in Fig. 2, which uses a H€oovmoller-type render-
ing. The large variations in snow amount and
duration exhibited in the diagram have been
shown by Beniston (1997) to be closely linked
to the behavior of the North Atlantic Oscillation
(NAO). During strongly-positive phases of the
NAO, the presence of persistent high pressure
fields over the Alpine region from late fall well
into the winter are accompanied by large positive
temperature anomalies and low precipitation,
both of which are unfavorable for seasonal snow
accumulation. This implies that large-scale forc-
ing, rather than just local or regional factors,
plays a dominant role in controlling the timing
and amount of snow in the Alps, as evidenced by
the fluctuations illustrated in Fig. 2. Since the
mid-1980s and up till today, the length of the
snow season and the snow amount, based on a

Fig. 2. H€oovm€ooller-type diagram illustrating the seasonal distribution of snow amount in Arosa (1,846 m above sea level) from
1949–2000. The diagram allows a monthly representation of the quantities of snow over a long time-period
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20-cm threshold, have been reduced by 2–3
weeks as a result of unusually high and persistent
pressure over the Alps. This situation is asso-
ciated with the highest positive anomalies of
the NAO index recorded during the 20th century.
Part of the reduction in snow amount and dura-
tion is, in addition, the result of the significant
warming that has taken place in the 1990s, as
will be shown later. Figure 2 also shows that on
the whole, however, the snow season in Arosa
begins essentially towards the end of November
and ends towards mid-May, even if the end of the
season has been earlier in recent years. This rela-
tive constancy of the beginning and end of the
season in Arosa, within � 2 weeks is principally
linked to the cycle of direct solar energy; in late
April and early May, solar energy is close to its
annual peak and becomes the dominant factor in
the snowmelt process.

The shift in the snow season, as frequently
perceived by the general public, is thus not con-
firmed for this particular site; the snow season at
such locations remains constrained principally
between the limits that are highlighted by the
dotted lines on the diagram. The quantities of
snow, on the other hand, can and do vary widely
from one year to another, as a result of shifts in

precipitation patterns and distribution that can be
partially attributed to the behavior of the NAO.

A closer investigation for a number of stations
confirms the fact that the length of the snow sea-
son has tended to decrease at most locations
since the early 1970s, as seen in Fig. 3. However,
the duration of continuous snow cover exceeding
10 cm exhibits high interannual variability; for
example, at Châateau d’Oex in the western part
of the Swiss Alps, snow cover with at least a
10-cm snow-pack ranges from 10 days in
1961=62 to 110 days the following year. Davos,
on the other hand, exhibits generally the same
duration of the snow season towards the end of
the 20th century as in the 1930s. One notable
exception to the tendency towards a reduction
in the length of the snow season is the high-alti-
tude site of S€aantis, in the north-eastern Swiss
Alps, where snow has on average increased since
the 1960s. As will be discussed later, the trends
illustrated in Fig. 3 are consistent with the ten-
dency towards an increase of solid precipitation
at high elevations, and an increase in liquid pre-
cipitation at low to medium elevations, as sug-
gested by a number of studies related to global
warming (Beniston et al., 1996; Martin and
Durand, 1998; Parry, 2000). The altitudinal

Fig. 3. Time series of the duration of the snow season for a number of Swiss observing sites located at different altitudes
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dependency of snow duration is also highlighted
in this figure, and so is the synchronism of major
events between the different stations, such as the
lack of snow in 1961=62 or the peak snow
amounts in 1968=69 and 1998=99. In other
instances, however, the curves are out of phase,
particularly between the lower-elevation sites
and the set of three higher-elevation stations.
This is a reflection of the fact that in some years,
a certain proportion of precipitation falls as snow
in Davos and S€aantis, and as rain at lower eleva-
tions such as Châateau d’Oex. When taking long-
term average values, however, there is a strong
linear relation between snow duration and height
for the 18 selected Swiss sites, as seen in Fig. 4
(the correlation coefficient, r¼ 0.97). The fact that
most stations lie very close to the regression line,
including the S€aantis site that is subject to strong
winds and interference by buildings close to the
summit, give added confidence that the data used
here is of sufficient quality and representativity
for meaningful conclusions to be drawn.

Figure 5 provides additional information on
the seasonal evolution of the snow-pack at three

sites (Châateau d’Oex, Davos, and S€aantis), aver-
aged over the 1960s and the 1990s. It is observed
that at the lower elevation site of Châateau d’Oex,
the snow depth is reduced by 45% between the
1960s and the 1990s, based on the figures for
total seasonal snow accumulation. Much of the
shortfall in snow amount occurs in the early part
of the season, where snow does not accumulate
as in earlier years as a result of warmer tempera-
tures and the fact that when precipitation falls, it
is more often in the form of rain than snow in the
early winter. The snow season in Châateau d’Oex
begins later and ends marginally earlier in the
1990s than in the 1960s. Over this same 30-year
interval, Davos experiences a reduction of aver-
age total accumulation from 330 cm to 288 cm,
i.e., a loss of about 12% of snow depth. The
beginning and end of the snow season at Davos
are essentially the same in both periods, as
already mentioned. At the high-elevation site of
S€aantis, however, the trend is reversed, both in
terms of snow amount and duration of the
snow-pack. Total accumulation over the season
has increased from an average decadal-scale

Fig. 4. Relationship between mean (i.e., 30-year average of the 1961–1990 period) snow-cover duration and height for the
observing sites considered
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value of 1590 cm in the 1960s to over 2475 cm in
the 1990s, i.e., an enhancement of snow depth of
35%.

In parallel, winter temperatures (the average
temperature for December, January, and Feb-
ruary, or DJF) have increased significantly over
this period, and in particular DJF temperature
minima, which are an important determinant on
snow amount and duration (Fig. 6). In order to be
able to compare the trends between stations, tem-
perature anomalies have been plotted as a func-
tion of time using the 1961–1990 period as the
climatological baseline and, for the sake of
clarity, have been smoothed with a 5-year filter to
remove the noisiness associated with interan-
nual fluctuations. On a century-scale basis, based
on simple linear regression analysis, the warm-
ing rates are all significant and range from
1.8 �C=century in Neuchâatel to 3.7 �C=century
at the summit of S€aantis. Since the late 1980s,
temperatures have systematically remained above
their long-term mean values at all stations. The
general rise of winter minimum temperatures
began in the early to mid-1960s at all sites,

and underwent a cooling in the early to mid-
1980s before warming rapidly since. In the case
of S€aantis, however, DJF minima entered the posi-
tive anomaly range in the early 1970s and have
never reverted to cooler-than-average conditions
since, even though there is a relative cooling as at
the other sites in the 1980s. The strong trends in
minimum temperatures have been reported in
the literature, notably by Karl et al. (1993b) for
Northern Hemisphere observations, and by Jungo
and Beniston (2001) for Switzerland. Further-
more, the increasing temperature trends with
height were first reported by Beniston and
Rebetez (1996) and later confirmed through
modeling studies by Giorgi et al. (1997).

The DJF precipitation anomalies, on the other
hand, contain much more statistical noise than
the corresponding temperature anomalies even
when smoothed with a 5-year filter, as can be
ascertained from Fig. 7. By far the most out-
standing increase and overall positive winter
precipitation anomaly, with respect to the 1961–
1990 reference period, is to be found at S€aantis,
with a century-scale increase of 3.3 mm=day; this

Fig. 5. Seasonal evolution of snow cover at Châateau d’Oex (980 m above sea level), Davos (1,590 m) and S€aantis (2,500 m)
averaged for the decade of the 1960s and that of the 1990s. The left-hand ordinate is scaled for S€aantis, while the right-hand
ordinate is scaled for Châateau d’Oex and Davos (a factor of 5 between the two sets of scales), in order to increase the
resolution of the latter two curves
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is close to a doubling of precipitation during the
20th century. Since the mid-1980s, the precipita-
tion anomalies have been consistently positive.

Other sites do not exhibit any particularly signif-
icant trends; some show an overall decrease,
especially in the 1990s, others a modest rise that

Fig. 7. As Fig. 6, except for precipitation anomalies

Fig. 6. Time-series of winter (December, January and February, or DJF) minimum temperature anomalies for several sites
located at different altitudes
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may be due more to the fluctuating nature of the
signal rather than to any significant trend.
Although the rise in temperature and precipita-
tion are both most pronounced at S€aantis, it is
difficult to affirm that this combined increase is
indeed related to the observed 20th century
warming and a consequent enhancement of the
hydrological cycle. However, this considerable
increase of high-elevation precipitation in an
environment where temperatures remain below
the freezing point (despite the general rise in
temperature since the 1960s), explains much of
the change in the snow-pack statistics at S€aantis
compared to lower elevations. At the lower-level
sites, warmer conditions have substantially re-
duced the number of days with minima below the
freezing point.

2.3 Behavior of the snow-pack as a function
of type of winter

In order to investigate more closely the behav-
ior of snow in terms of different mean winter
conditions, the 5 (‘‘cold’’), 50 (‘‘average’’) and
95 (‘‘mild’’) percentiles of the DJF average
temperature distributions have been selected.

Figure 8 shows the manner in which precipitation
changes with height according to cold, average,
or mild winters. The general increase with height
is seen in all three sets of data, but the precipita-
tion-height gradient is considerably enhanced
when progressing from cold to mild winters. This
implies that precipitation is more abundant dur-
ing warm winters than during average or cold
winters, and furthermore, that the precipitation
excess increases with height. For example, at
an altitude of 1,000 m, average daily winter
precipitation ranges from 1.5 mm=day during
cold conditions to 4.5 mm=day during warm
conditions, i.e., an average range of 3 mm=day.
At 2,500 m, the respective amounts are 4.5
and 11.0 mm=day, i.e., an average range of
6.5 mm=day.

This changing characteristic of precipitation
has obvious repercussions on the amount and
duration of snow in the Alps. Using the same
definitions for cold, average, and mild winters,
Fig. 9 illustrates the manner in which snow
duration changes with height as a function of
the type of winter. At low to medium elevations,
below about 1,500 m above sea level, mild
winters are accompanied by reduced snow

Fig. 8. Precipitation changes with height for ‘‘cold’’ (5-percentile), ‘‘average’’ (50-percentile) and ‘‘mild’’ (95-percentile)
winters
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amounts and duration, while the reverse is true
for cold winters, because of the transition from
liquid to solid precipitation at these altitudes.
However, at elevations above 2,000 m, the more
abundant precipitation associated with mild
winters falls as snow and in much larger amounts
than during cold winters. At an altitude of
1,000 m, there are on average about 135 days
with continuous snow cover during cold winters,
but only 65 during mild winters. The respective
figures at 2,500 m altitude are 250 and 350 days,
bearing in mind the caveats related to the quality
and representativity of the data set at such a high
elevation site.

The results discussed here can be used as an
analogy to what may happen in a warmer cli-
mate. The statistics lend some credence to spec-
ulation that warmer conditions in the Alps,
associated with enhanced precipitation, are likely
to lead to more abundant snowfall in the higher
reaches of the mountains, but much reduced
snow at lower levels where precipitation is more
likely to fall in the form of rain. From the statis-
tics outlined in previous paragraphs, the ‘‘cross-
over’’ level where snow becomes more abundant
under milder conditions is located between 1,700
and 2,000 m above sea level. This result is

closely related to a previous study by Beniston
(1997), where it was seen that above about 1,700 m
in the Swiss Alps, there has been little signif-
icant change in snow variability, i.e., whether
under warm or cold winter conditions, there is
always snow on the ground throughout the winter
season, whatever the depth of the snow-pack.

2.4 A snow matrix to describe the range
and shifts of snow duration

The relationship between mean winter tempera-
ture,precipitation, andsnowdurationcan begraph-
ically summarized, for all the climatological sites
studied, in the two-dimensional plot given in Fig.
10, where the abscissa is the DJF mean minimum
temperature and the ordinate DJF mean daily
precipitation. The 2-D surfaces represent the
snow-cover duration, with a contour interval of
25 days. Figure 10 suggests a dominant influence
of temperature on snow duration, with small
shifts in mean winter temperature leading to sub-
stantial changes in the length of the season.
There is also a secondary influence of precipita-
tion amount on snow duration, where for a given
temperature, snow duration changes according to
the amount of precipitation.

Fig. 9. As Fig. 8, except for snow-cover duration
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For a given winter mode (i.e., ‘‘cold’’,
‘‘average’’, or ‘‘mild’’), any displacement within
the contour surfaces is associated with altitudinal
shifts, i.e., moving up or down the temperature
scale is essentially analogous to moving up or
down height levels in the mountains. On the
other hand, displacement within these surfaces
can also be related to warmer or cooler, wetter
or drier climatic conditions. As a result, this type
of diagram can be used empirically to estimate,
for a particular site, the changes in snow duration
that may occur under shifting climatic condi-
tions. As an example, the high-altitude S€aantis site
(2,500 m above sea level) is characterized in this
diagram by a long-term mean DJF average
temperature of � 7.1 �C and precipitation of
6.3 mm=day, with a corresponding average
snow-cover duration of close to 300 days. A rise
of mean winter minima of 2 �C with no change in
precipitation would lead to a 50-day reduction of
the snow season (250 days in total at � 5 �C).
With such a rate of warming, precipitation would
need to increase from the current average of
6.8 mm=day to over 10 mm=day, i.e., almost a
50% increase, in order to maintain the current
number of days with continuous snow cover.
Such an increase is plausible, as seen in the
previous discussion pertaining to precipitation=
height relationships under differing winter condi-
tions; furthermore, certain climate model results
(e.g. Rotach et al., 1997) for the Alpine region
suggest a significant rise in winter precipitation.

At lower elevations, such as Arosa (about 700 m
lower in elevation than S€aantis), long-term DJF
average temperature is � 2.2 �C and precipita-
tion is 3.1 mm=day, with a corresponding 140
days of continuous snow cover. A rise in tem-
perature of 2 �C without any precipitation change
would result in a reduction in seasonal snow
cover down to about 90 days in total. A 50%
increase in precipitation with the same 2 �C in-
crease would to some extent compensate for the
temperature rise; in this case, winter snow-pack
duration in Arosa would be roughly 110 days.

The empirical analysis outlined here has been
constructed on the basis of the long-term aver-
ages of the variables considered, and focuses on a
number of sites that span a significant altitudinal
range. This approach was already suggested by
Whetton et al. (1992), but for a single site in
Australia; the advantage of the present study is
that the snow-duration statistics could have a
much wider range of applicability.

The ellipses in Fig. 10 show the spread of tem-
perature and precipitation on the basis of their 2�
(standard deviation) levels around the mean
value, located at the center of the ellipse. The
inclination of the ellipses are functions of the
covariance between temperature and precipita-
tion. It is seen that at Engelberg, for example,
snow duration currently ranges from 80 days to
160 days with a 2� temperature spread of almost
3 �C. The current 2� range of precipitation, from
2.1 to 3.8 mm=day does not exert such a strong

Fig. 10. 2-D contour surfaces of snow-cover
duration as a function of winter (DJF) minimum
temperature and precipitation for all selected cli-
matological sites; ellipses show the 2� range of
DJF minimum temperature and precipitation, and
corresponding spread of snow-cover duration for
Engelberg, Arosa, and S€aantis. The slopes of the
ellipses are related to the covariance of tempera-
ture and precipitation
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influence on the duration of snow-cover; for
example, this increases from 120 to 130 days if
the mean minimum DJF temperature is held
constant at � 2 �C.

Figure 10 thus emphasizes an additional prob-
lem related to estimating changes in snow cover
duration under changing climatic conditions,
namely the fact that already under current cli-
matic conditions, the year-to-year variability of
the snow-pack is extremely high. The contour
surfaces provided in Fig. 10 may certainly be
of value in estimating changes in average snow
duration as a function of shifts in winter tempera-
ture and precipitation. However, it would also be
important to assess the possible future changes in
the extreme range of snow duration, represented
by the ellipses of Fig. 10. In order to make the
best possible use of these diagrams, information
from regional climate models would thus need to
include not only the average changes of tempera-
ture and precipitation with height, thereby allow-
ing to use the 2-D plots to estimate decreases or
increases in snow-cover duration at particular
heights or locations, but also the statistical spread
of temperature and precipitation in a changing
climate.

3. Concluding remarks

The present study has shown that, while year-to-
year variability in snow cover in the Alps is high,
the long-term average climatic conditions have
favored a longer snow season at high elevations
(i.e. 2,000 m above sea-level and higher) than at
lower elevations during the course of the 20th

century. One reason for this is that milder winters
are associated with increased precipitation that
falls as snow at high elevations but as rain at
lower altitudes. The relationship between the
length of the snow season and mean winter tem-
perature and precipitation allow the construction
of contour surfaces that can be used to assess
changes in snow duration as a function of shifts
in both temperature and precipitation. Any
changes to one or both of these parameters can
lead to substantial changes in snow duration. The
contour surfaces exhibited in Fig. 10 enable an
empirical assessment of how snow may change
in the future, if the fundamental changes in win-
ter temperature and precipitation are known, for
example on the basis of regional climate model

simulations or from statistical downscaling tech-
niques. The resulting information can then be
used in climate-impacts studies for systems that
are highly dependent on, or sensitive to, snow
amount and duration. Greater confidence in the
applicability of such a matrix would emerge from
the use of much more homogenous data, and data
from locations that are less biased because of
local site conditions. In order to account for the
non-linear behavior of the relationship between
snow amount and temperature and precipitation,
future refinements could include the application
of a more advanced statistical treatment to ac-
count for these non-linearities.

Although the method discussed in the previous
section is relatively simple to apply, it is not
without problems, however. In particular, it is
necessary to take into account not only the
changes in average climatic conditions, but also
their statistical range. This is because, according
to the location in the 2-D contour diagram
(Fig. 10), even small changes in precipitation or
temperature can lead to large changes in snow-
pack duration. The possible range of precipita-
tion and temperature can be supplied by regional
climate models, provided they simulate a suffi-
cient number of situations to capture the strong
year-to-year variability that snow amount and
duration exhibits.

Work is currently under way to apply a surface
energy balance model, that implements a snow
parameterization scheme, to the types of situa-
tions discussed in this paper. The objective of
the model, after validation against observational
data as provided in the present paper, is to pro-
vide deeper insight into the mechanisms of
change and to point to the probable ‘‘direction’’
of future temperature and precipitation change in
the 2-D surfaces of Fig. 10. The possibilities
offered by such a model are to complement the
empirical type of approach related to the tem-
perature-precipitation-snow duration matrix, and
to explain some of the physical mechanisms that
govern the behavior of the alpine snow-pack.
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