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Abstract—The Alps play a vital role in the water supply of the
region through the rivers Danube, Rhine, Po and Rhone while
they are crucial to the ecosystem. Over the past two centuries, we
witnessed the temperature to increase by +2 degrees, which is
approximately three times higher than the global average. Under
this study, the Alps are analyzed using regional climatic models
for possible projections in order to understand the climatic
changes impact on the water cycle, particularly on runoff. The
scenario is based on assumptions of future greenhouse gases
emissions. The regional model results show the consistent
warming trend in the last 30-year span: temperature in winter
may increase by 3 to 4.5°C and summers by 4 to 5.5°C. The
precipitation regime may also be altered: increasing about 10-
50% in winter and decreasing about 30-60% in summer. The
changes in the amount of precipitation are not uninformed.
Differences are observed particularly between the North West
and South East part of the Alps. Due to the projected changes in
alpine rainfall and temperature patterns, the seasonality of alpine
flow regime will also be altered: massive rise will occur in winter
and a significant reduction in summer. The typical low flow
period during winter will also be shifted to late summer and
autumn.

Keywords-climate change; European Alps; flow regime; impact
assessment

1. INTRODUCTION

The Alps, spanning over the central part of Europe, play a
key role in the water supply of the region. The chain of this
mountain region known as the “water towers” of Europe are a
mother to number of rivers, i.e., Danube, Rhine, Po, and
Rhone. These rivers provide key services to the ecosystem both
at upstream and the downstream regions. Worryingly,
mountain regions and the Alps in particular are highly exposed
to the climate change. The region has witnessed a remarkably
rise in temperature of approximately +2°C during the last two
hundred years against the global mean surface temperature
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increase of 0.74°C [1]. The Alps are highly sensitive to climate
change, even a slight variation in climatic parameters can
significantly change the hydrological cycle. Seasonal snow and
ice factor have strong altitude sensitivity concerning
temperature conditions, so the variation in temperature could
result in sharp changes both to the Alpine climate and
hydrology [2]. The increased temperature rate has severely
affected the alpine hydro-climate system, i.e., extensive glacier
retreat, decline in snow cover duration, rise of snowline,
variations in seasonal runoff regime etc. [3].

Authors in [4-6] analyzed the precipitation in the region and
reported a rise in rainfall in winter season by 20-30% and a
reduction in autumn by 20-40%. The buildup of snow at higher
elevations may form glaciers, and during summer, when
precipitation and runoff are low, their melting provides water to
low-lying areas. The rivers Rhine, Rhone, and Inn, show stable
and higher mean specific discharges of 28-331/s per km® in
comparison with Po, Adige and Mur which show lower and
variable mean specific discharges of 17-24l/s per km?.
However, due to the three times higher impact of global
warming, any further temperature change shall result in change
in the Alps hydrological cycle. The two-third of this water
volume were lost by 2000 and 10% of the volume was lost just
in the hot summer of 2003 [7]. If this trend continues, the large
glaciers will lose about 30-70% of their remaining volume by
2050 [8, 9].

It is projected that the changes in the hydro-climate system
will be further intensified in the coming decades, resulting into
increased number of summer droughts, winter floods and
higher inter-mean annual variation in river runoff regimes [10-
12]. Anticipated shortfall of water along with continual intense
events and with the growth in water demand will have negative
impact on the ecosystem. Agriculture, energy use, forestry,
winter-tourism, and river transportation are highly susceptible
to water shortage. These changes in temperature have left
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drastic impacts on the alpine ecosystem, e.g., the hydrological
cycle of Alps. This could be noticed in: a rise in mean rainfall
amounts and extreme precipitation events [2, 10-12], a retreat
in alpine glaciers [13-15], decline in snow cover [16, 17], and
increased flood events [18, 19]. The extent and frequency of
these impacts will further be worsened over the coming
decades [20, 22]. Carrying out future projections of how the
temperature and precipitation change will impact the water
cycle depends heavily upon the future world evolution in terms
on energy use and emissions. The IPCC uses four different
SRES scenarios. These scenarios are likely imageries of
evolution under a variety of assumptions and are tools which
can used to analyze the role of driving forces and their impacts
on the future greenhouse gases emissions. In this study
emission scenario A2 is used due to socio-economic
development, demographic changes and hi-tech change, which
are the primary precursors behind the development of this
emission scenario family. Therefore, the prediction of the
future water cycle is based on the assumption of emission
scenario A2 and their impact on temperature, precipitation
patterns, and flow volume generated in Alpine region.

II. STUDY AREA DESCRIPTION

The Alpine region is a curvy shaped geographic facet of
central Europe. It forms an arc of approximately 800km and is
200km in width. The mean altitude of alpine peaks is 2.5km.
The arc is elongated above the Po basin from the north
Mediterranean Sea, stretching through France towards
Switzerland. The arc prolongs towards Austria, and east to
Slovenia [23-25]. It descends into northern Italy in South and
extends to the southern border of Germany in North [23]. The
most of the alpine territory is covered by Switzerland, Austria,
Italy and France. The region serves as a huge natural water
storage site its reserves benefit many rivers throughout the
region, i.e. Rhine, Danube, Po and Rhone, whose headwaters
originate from the alpine region. Figure 1 shows the major river
basins originating in the Alps. The region possesses paramount
importance due to its abundant water resources.

The increased precipitation rate and reduced evaporation
loss due to its low temperature is the main reason for surplus
water availability in region. The greater part of the precipitation
is snowfall at high elevations. The accumulation of snow at
high altitudes may form a glacier- a prominent feature of alpine
mountain hydrology. These glaciers occupy about 2900km? of
the total area of the Alpine region. During summer season,
when precipitation and runoff are low, the glacier melt
provides important services to low-laying areas [26]. The Alp’s
average yearly share varies from 25%-53% of the total flow for
Danube and Po respectively. The mountain part of Danube
basin (around 10% of total basin area) provides 25% of total
flow, producing 2.6 of disproportional influence. Similarly, the
mountain parts of the Rhine, Rhone, and Po basin account for
34%, 41%, and 53% of their total discharge, implying a
disproportional influence of 2.3, 1.8, and 1.5 for each basin
respectively [27]. The contribution from the Alpine part varies
between seasons. The major contribution comes in summer. In
the Po basin, the mountain part provides below 40% of total
flow in winter and more than 80% in summer months.

Fig. 1. Major rivers originating in the European Alps: Rhine, Rhone, Po
and Danube

III.  FUTURE PROJECTIONS

The regional climate model (CLM) shows consistent
warming trends during the last 30 years of the 21 century: the
mean alpine temperature in winters may rise by 3 to 4.5°C and
in summers by 4 to 5.5°C depending on the greenhouse-gas
emission scenario A2 [28]. The precipitation is anticipated to
be higher in cold season and lower in warm season. Figure 2
shows the future projections of relative seasonal change in
temperature by the end of the 21* century. These climatic
projections were simulated through the CLM under the strong
IPCC emissions scenario A2.
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Fig. 2. Absolute seasonal changes ((2070-2099) / (1961-1990)) in mean
temperature till the last 30-year span of the 21 century, as per regional CLM
A2 scenario. Rasters are developed from the data available at Prudence project
website, http://prudence.dmi.dk/.

The A2 scenario represents a typical range of probable
future directions. The CLM model simulations for the 2071-
2100 period show an average rise in yearly temperature of
about 4-5°C in the Alps while annual precipitation rate is
slightly changed. However, the precipitation rate is strongly
varied from season to season. The precipitation rate in winter
will be increased to about 10-50% and in summer decreased to
about 30-60%. The increased temperature scenario has a drastic
effect on seasonal snowfall and melting processes. The
sensitivity of alpine snow cover towards projected temperature
increase is a recurring research topic. Analysis in [29] indicated
that the projected increase of about 4°C until the last two
decades of the current century will have a significant effect
over the middle to low altitude catchments. The analysis
projected that the current snow volume in the Alps might
completely vanish to altitudes up to 1000m. The snow duration
is also expected to be reduced at large extent. These findings
were also confirmed in [30, 31]. By their conclusion, for each
degree of rise in the temperature, the snow-cover is likely to
decrease by few weeks at mid altitudes. Particularly below
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700m, the snow depletion may reach 33% with an average of
30 days reduction in the winter season. The average snow line
is projected to decrease around 150m with each degree of
temperature  increase  [32]. The projected increased
temperatures have a very negative impact on glacier cover.
Authors in [9] suggest that at a rise in temperature of about 4-
5°C, the glacier cover will be reduced more than 80%. This
means the small glaciers will be disappeared by 2050 and
sizable glaciers will face a 30-70% volume reduction. The
increased glacier melt will initially enhance the summer flows
in the alpine rivers, but later on, when the glacier volume will
be reduced, summer flows are projected to be reduced [33].
The flows of highly glacierized basins may face up to 50%
reduction in summer season [32]. In the long term, the
projected reduced summer precipitation amount and little
contribution from glacier melt may all result in much-reduced
summer flows [34-36], and may even result in increased
droughty conditions at downstream regions. On the other hand,
the projected increased precipitation rates together with early
and faster snowmelt may also create a higher risk of flooding
during the winter season. The projected tempo-spatial
alteration in the hydrological cycle of Alps can be seen in
Figure 3.
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Fig. 3. Relative seasonal changes ((2070-2099) / (1961-1990)) in mean
precipitation amount till the last 30-year span of 21 century, as per CLM A2
scenario Geo-Rasters are developed from the data available at Prudence
project website, http://prudence.dmi.dk/.

Figure 4 shows the impact of climate change over the
hydrological regime of the Alps (e.g. tempo-spatial changes in
seasonal runoffs), simulated through the regional climate
model (CLM) under IPCC emissions scenario A2. The high
temperature in winter not only results in changing precipitation
form (from solid to liquid) but also causes early snowmelt
during winter (instead of spring). Figure 4 shows that the
climate change will undoubtedly induce drastic effect over
seasonality of alpine river flow regime. The variation in
seasonal runoffs ranges from 70% to 80% increase in winter to
40-50% decrease in summer. Runoff regime analysis confirms
the similar trends in seasonality of alpine rivers, e.g. the Rhine
or the Rhone. Similar conclusion were also drawn earlier in
[16], which highlights the substantial shift in water availability
in different seasons throughout the year, with a potential risk of
enhancing flooding in late winter and enhanced drought in late
summer and early autumn. These decreasing trends in all
seasons (except in winter) may affect the different demand

stakeholders within the Alps, but the major problem may be
created in adjacent lowland regions.
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Fig. 4. Relative seasonal changes ((2070-2099) / (1961-1990)) in mean
runoff till the last 30-year span of 21% century, as per regional CLM A2
scenario. Rasters are developed from the data available at Prudence project
website, http://prudence.dmi.dk/ through the application of Arc GIS software.

IV. CONCLUSION

The Alps are sensitive to climatic changes and are already
experiencing higher increases in temperature than the European
and global average. The CLM model results show the same
trend of changes during the last decades of the 21* century:
higher increase in winter and summer temperature. The
futuristic precipitation patterns give mixed signals: rise in
winter and fall in summer. This would clearly point out that the
snow-cover span shall be reduced to fewer weeks, the snowline
is projected to shift upwards, the smaller glaciers will be
vanished, and the sizable glaciers shall suffer huge volume
reduction by the last decades of this century. The seasonality of
flow regime will be highly affected having a rise in winter and
a significant fall in summer months.
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