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Abstract 

The objective of this paper is to give an overview of the observed hydrological changes in the Alpine 
region and to identify the types of  intervention into the water cycle. The ability to model these 
processes is limited by the fact that the regular hydro-meteorological network is rather sparse and only 
few observations are available which extend over longer time periods. Therefore it is also difficult to 
use downscaling techniques for future climate change impact studies in an Alpine environment.    

In this paper an overview over recent hydrological investigations in central Europe with the emphasis 
on Austria will be given and conclusions will be drawn with respect to changes in the last few decades 
and with respect to climate change impact studies. The analysis of these changes in the hydrological 
cycle is seen as important for water management and water utilisation in the lower parts of the 
catchment. Additionally, it has direct implications for tourism, forestry, hydropower utilisation and the 
eco-system.  

1. Introduction

The hydrological characteristics of  high mountain basins is subjected to several different influences 
originating from direct human intervention and also from climate change. The human interventions 
refer to the development of large storage schemes for hydropower together with water abstractions 
and diversions from many small creeks. Also, winter tourism changed the water balance in small 
catchments where numerous ponds have been developed to serve water demands for artificial snow 
production. The decrease of mountain pastures followed by an increase of forested areas contributed 
also to changes in the runoff regime. Further impacts on the hydrological cycle are due extension of 
housing areas, channelisation of rivers and other infra-structural development. 

At the same time an increase of  temperature is observed throughout the Alps. This causes a shorter 
snow cover in  the mid altitudes of the mountains and a decrease of glaciers. In some basins a clear 
trend in the runoff pattern has been already identified. In this paper an overview of the various 
influencing forces and activities is given an a methodology is outlined to asses the various impacts and 
to discriminate among them. First, direct human interventions and subsequently possible impacts of 
climate change are analysed with respect to the runoff regime. 

1.1 Hydropower 

Hydropower plays an essential role in the Austrian energy market. About 65-70 % of the electric power 
are generated by storage and run of river schemes (Schiller, 2004). Especially the large storage 
schemes which are located in the high Alpine region modify substantially the runoff pattern. Further, 
water transfer across catchment boundaries are relevant. Leopold (1992) has shown that in winter 
time the mean monthly runoff of major Austrian rivers like Inn and Salzach may be increased by about 
30 percent. In early summer, when runoff from snowmelt has its peak, the monthly values are 
decreased by about  10-15 %.  Even along the Danube these impacts may be observed but due to the 
large catchment area the changes in runoff are reduced to about 5 %.  

Besides changes in the seasonal runoff pattern the changes in water temperature, in the flow velocity 
and in the interaction between surface and groundwater system have been identified (Verbunt et al., 
2005; Fette et al., 2004; Meier and Wüest, 2004). Long impoundment dams along the former river 
banks prevent from inundation of the former flood plain and contribute to a reduction of storage 
capacity during floods. Additionally, the flood waves are accelerated in their down stream propagation 
(Nachtnebel 2003). Additionally, impacts on the riverine ecosystems and on the sediment balance 
have to be considered, too (Nachtnebel, 2001; 1995).  
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Fig. 1: Map of larger hydropower stations in Tyrol, a western federal state of Austria. 
 
 
1.2 Winter tourism 
 
Increasing temperatures, reduced winter precipitation and increasing winter tourism demand for an 
extension of artificial snow production in the alpine areas. It is estimated (Hahn, 2004) that from 93 
000 ha of managed skiing areas in the European alps about 24 000 ha are already equipped with 
artificial snowing facilities. Although small ponds are used to provide water in the winter period the 
runoff regime is affected , not only by abstraction but also due to longer snow covered slopes. Impacts 
on the vegetation and alpine ecosystems are identified (Kammer, 2002; Rixen et al., 2003). It can be 
readily assumed  that the areas put under artificial snowing will continue to increase. Winter tourism 
generates also a highly fluctuating water demand and waste water discharge. Although the alpine 
region is in general rich in water resources shortages have been already observed in some centres.  
 
1.3 Land use changes 
 
Major land use changes are observed in mountain areas and their impacts on the hydrological 
response are subject of several research activities (Verbunt et al., 2005; Braud et al., 2001;Caissie et 
al., 2002; Niehoff et al., 2002, Nachtnebel and Debene, 2005; Debene and Nachtnebel, 2005). The 
last two references refer to a recently completed study in which the impacts of land use changes, of 
infrastructural development including the extension of domestic areas, the development of forest 
access roads and of river channelisation works on the runoff were investigated. Subsequently, 
possible impacts of climate change were also assessed in this catchment. A detailed description will 
be given in chapter 2. 
 
1.4 Observed trends in hydrological time series 
 
Dependent on the selected time period trends in long term precipitation, runoff and temperature 
become visible. But these trends may change if another time period is being analysed. A recent 
investigation (Moser et al. 2002) indicates that in the Southern part of Austria, especially in the region 
South of the Alps, a long term decrease in precipitation and runoff exists which proofed to be 
statistically significant. 
 
The analysis is based on the period 1900-2001 showing a decrease in the annual precipitation of 
about 100-300 mm which corresponds to about 15-25 % of the long term mean. Especially in the 
winter period the amount of precipitation decreases while in the summer period an opposite 
characteristics may be observed at some of the stations. The significant decrease is observed in 
several basins. Periods in between,  like from 1940-1970 indicate an increasing trend. 

Tyrol, Austria 
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Fig.2 Time series of annual precipitation  in (mm) (left) and mean annual discharge (m3/s) (right) at 
gauging stations in Southern Austria. (from Moser et al., 2003)   
 
 
Obviously, the runoff shows a similar characteristics which may be aggravated by an increase in 
temperature. The mean annual runoff decreased in a large region by 20-40 % in the last 50 years. In 
general, this trend holds also for the seasonal pattern but local and temporal deviations are observed. 
Although winter precipitation decreased substantially the winter runoff is increasing in some 
catchments due to higher temperatures and resulting snow melt. 
 
An analysis of the trends in the mean annual, the annual maxima and the seasonal runoff pattern  for 
Bavaria and Southern parts of Germany which has been executed in the framework of (KLIWA, 2004) 
does not show any significant changes in the mean values. For subsets of the time series, starting in 
1965, an increase in runoff was found for a few stations. Sometimes trends in time series of 
hydrological extremes are reported but due to the limited observation length the analysis is rather 
questionable (Frei and Schär, 2001) 
 
2. The Traisen case study 
 
The main purpose of this study was to analyse changes in the runoff characteristics due to human 
activities in the catchment. The study was stimulated by the fact that in 1997 a major flood has 
occurred that caused substantial damages in the lower part of the basin.  
 
The Traisen river catchment is located in the Eastern part of Austria and drains an area of about 890 
km2. In this study the upper part with an area of about 725 km2 will be modelled. Large parts of the 
basin are in the Northern Kalkalpen, a limestone mountain range going up to 1800 m. The area is now 
densely forested, about 90 % of the catchment,  and about 1 % refers to villages and smaller towns 
which are located in the valley floors along the main rivers. No major changes in the population density 
have been observed over longer periods. The domestic area increased from about .2 % up to 1% in 
the last 150 years. In the last 50 years the valley floors were protected by dikes and the main rivers 
were channelised and shortened. This resulted in a homogeneous river course and  major losses of  
inundation areas. 
 
The development and the land use in the catchment is well documented. Maps about land cover, soil 
types, soil thickness are available. According to the Corine data set the catchment area includes about 
37 % of deciduous and partly mixed forests, 40% coniferous forests, 20% pastures and meadows, and 
.5 % of arable land. Over the last 100 years a significant increase from 35 to 80% in the forested is 
reported. Especially grazing land was afforested by coniferous trees. Therefore, the former dominance 
of deciduous and mixed forest stands was replaced by  coniferous  forests. The length of forest access 
roads has substantially increased up to 4000 km in the catchment nowadays. The impacts of access 
roads on runoff formation are seen in the intersection of slopes which reduces the slope length, the 
collection of surface water in ditches along the access roads, in draining the interflow of slopes and in 
an increase of less pervious surface. 
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Fig. 3 Terrain and location of the upper Traisen catchment; federal state Lower Austria. 
 
 
About 14 rain gages and 5 runoff gages are operated in and around the basin. Several time series of 
at least daily observation are collected which extend over a period of 100 years.  
 

 

   
 
Fig. 4 Time series of observed annual rainfall, daily extremes (station Türnitz 1896-2002) and in mean 
annual runoff and annual maxima (station Lilienfeld 1903-2002) 
 
 
The time series of rainfall data indicate a decreasing trend in annual values as well as in daily 
extremes.  The temperature, which is not presented here, shows also a slight increase in this period 
and therefore the mean annual runoff is also decreasing. Just before the begin of runoff observations, 
in 1897 the largest reported flood occurred which was rather qualitatively documented at a 
downstream gauging station.  
 
3. Methodology 
 
A continuous, semi-distributed rainfall-runoff model, COSERO, was applied to simulate the runoff 
patterns under different scenarios. The model requires temperature and rainfall as input data. For the 
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impacts assessment of climate change different time series for precipitation and temperature are 
provided which describe the climate conditions under doubled concentration of green house gases. To 
analyse impacts of various human interventions scenarios are run which reflect different land uses and 
states of the systems. The response of the catchment in 1897 and under recent conditions was 
analysed by utilizing land use maps and other information from these periods. 
 
3.1 Parametrisation of human interventions 
 
The catchment was subdivided into homogenous units, in many aspects similar to hydrological 
response units,  that were identified by intersections of sub-catchment boundaries, land cover 
information and elevation bands. 
 

 
 
Fig. 5 Identified homogeneous units for the Upper Traisen catchment and the model tool for a unit 
 
 
About 89 units were identified with an average size of about 8 km2.  For each unit a set of parameters 
is required which refers to mean physical characteristics, some of them affected by anthropogenic 
measures, like interception losses, infiltration capacity, surface roughness, hill slope length and 
drainage density in each unit.  
 
The hydrological modul has several common features with the HBV-model (Bergström, 1995) but a 
different infiltration routine has been applied to model the vegetation layer properly.  The vegetation 
layer is parameterised according to its interception capacity, which may be seasonally variable, and its 
root depth. Surface and subsurface runoff flow to the outlet of the catchment on or in hillslopes and 
finally in streams or ditches. The mean values of these distances of the catchment are obtained using 
a digital elevation model (DEM), with and without the road network, respectively. Additionally, the 
effect of culverts can be taken into account by reducing the fraction of the stream distance by a factor, 
dependend on the mean distance between culverts. The mean fraction of hillslope length to the whole 
distance to the outlet decreased from 7% to 4% with the road network. However, assuming a proper 
culvert system, this fraction merely decreased from 7% to 6%. Thus the parameters of each unit were 
adjusted to simulate runoff at the outlet of the catchment without a road network, taking the different 
road density of each unit into account. 
 
Further, the excess runoff was modelled by a kinematic wave approach to be able to consider the 
roughness of the surface and the changes in the slope lengths caused by access roads traversing 
larger hill slopes. The kinematic wave model is used to estimate the relation between the hillslope 
length and length to the outlet of the catchment in streams to the parameters of the hydrological model 
for surface flow, subsurface flow and stream flow, respectively. 
 
The surface runoff was routed by two parallel reservoirs describing flow in the river and in the flood 
plain. The flood plain module was activated when the runoff capacity of the main river was exceeded. 
This approach was necessary to parameterise the hydraulic structures which were implemented in the 
last decades and which resulted in a channelised river course. The parameters for the two reservoirs 
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were estimated by the help of a 1-D unsteady hydraulic model which used the available cross section 
data, roughness data and longitudinal profiles for historic and recent conditions. For the historic case it 
was assumed that the bankfull discharge corresponded to a flood with a return period of about one 
year. For recent conditions the cross section data were used.  
 
The estimates of the model parameters were adjusted to achieve a better fit to the observations but 
the adjustments were kept to a minimum and it was tried to keep them in plausible ranges. Details of 
the model are given in Nachtnebel and Debene (2004). 
 
3.2 Climate change impacts 
 
Numerous studies have been published about impacts of climate change on the hydrological cycle 
(Beniston et al., 1997; IPCC, 1998; Schädler. (1998); Easterling et al., Douglas et al. 2000; Jain and 
Lall, 2001; OoCC, 2003; Nachtnebel, 1999, 2004; KLIWA, 2004; Fuchs, 2005;  Booij, 2003, 2005; 
Moser, 2005). The technique applied in this paper is based on the linkage of large scale 
meteorological features with local sets of observations. In particular, the air mass movement over 
Europe characterised by regional indicators of the spatial distribution of the geopotential heights is 
linked with basin averages of daily rainfall and temperature data from an alpine basin. The spatially 
averaged values may be disaggregated under consideration of their dependency on the altitude and 
its regional pattern which is described by a variogram (Fuchs, 2005). The downscaled time series of 
rainfall and temperature serve as an input to the above described hydrological model which yields 
various time series characterising the accumulation and  ablation of the snow layer, the storage of 
water in the soil and in the groundwater system, and finally about runoff.  
 
The concept of the model is to identify parameters reflecting air flow on a defined region over Mid-
Europe and to establish a statistical linkage to the basin average of the hydro-meteorological 
variables. In the following approach large scale geopotential heights are processed to obtain the 
indicators related to air flow direction and velocity (Daley, 1991) as well as the mean geopotential height 
which are then related to the local hydrometeorological regime in the basin. The approach is based upon 
various hypothesis: 

 The basin averages of temperature and precipitation depend on point observations and 
topographic heights within the catchment 

 The variables mean geopotential height, direction of air movement and an air flow velocity 
related regional gradient of the geopotential heights are seasonally variable 

 Air flow velocity based on geostrophic wind is derived from differences in the geopotential 
height of the 500 hPa level in meridional and latitude direction. As the coriolis force is not 
considered in the approach air flow velocity is considered dimensionless. 

 Basin averages of precipitation depend on  wind direction and air flow velocity 
 Basin averages of temperature depend on wind direction and mean geopotential heights 

 
The geopotential height of the 500 hPa pressure surface hi,j is considered at 20 grid points i,j with i 
(i=1,4) points in N-S direction and j (j=1,5) points in W-E direction and it encloses an area of about 
786.000 km² (N-S: 930 km, W-E: 840km). The large scale atmospheric data are stochastically linked 
to the local observations of temperature and rainfall (Bardossy and Plate, 1992). In this approach it is 
assumed that the statistical relationship will hold under different concentrations of green house gases. 
A regionally observable climate change may be therefore caused by a change in the frequency of 
circulation patterns, by their persistence, by different occurrence times. An analysis of the HadCM3, 
ECHAM 3 and 4 simulation results indicated to use the HadCM3 data. First, the statistical relationship 
was established among the historic observations of pressure distributions and regional climate data. 
Then due the limited data sets the validation was based on the historic global simulations. Finally, the 
global circulation data were classified and downscaled to the catchment scale.   
 
4. Results 
 
4.1 The impacts of human interventions 
 
The hydrological model was run under different scenarios considering independently the various 
human interventions. 
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Channelizing rivers and the building of dams lead to a decrease of time of concentration and an 
increase of flood peaks up to ten percent for floods with a recurrence interval of 30 years. The impact 
decreased with higher recurrence intervals.  
 
Even today, only 1% of the catchment area is sealed. Thus urbanization lead to an increase of flood 
peaks of merely 0.5%. Infrastructural measures, like forest access roads in the catchment, lead to an 
increase of about 2% of the flood peaks. The impact of river training work is due to losses in 
inundation areas until the dikes are overtopped and the former flood plain is inundated again. 
Therefore, a  highly nonlinear impact characteristics was identified.  
 

 
 
Fig. 6: Percentage of increase in peak flow (x-axis) dependent on its magnitude (y-axis) 
 
Fig. 6 demonstrates that flood peak are increased until they reach the threshold of about 350 m3/s. 
Under such conditions the flood levee systems raises the flood by about 10 %. Larger floods which 
already exceed the design discharge will inundate large areas and therefore the difference between 
the unengineered state and recent conditions is getting smaller.  
 
The most significant impact result from the modified land use pattern, especially from the increase in 
forested area from 35 % up to 80 % of the catchment area in the last 100 years. Due to the higher 
evaporation rate of forest stands and a deeper root zone compared to grass land the storage capacity 
of the soil layer is substantially higher under a forest stand. This will lead to a decrease of flood peaks 
up to 20%. Under extreme rainfall events this effect will be diminuated.  
 
If the 1897 flood would have occurred under recent conditions the former flood peak of about 800 
m3/s would be reduced by about 100 m3/s. In total, the change in land uses compensates for all the 
adverse impacts originating from extended housing areas, channelisation of rivers, and forest access 
roads. 
 
4.2 Impacts of climate change 
 
The simulation runs of the large scale model were used to generate the regional input variables for the 
hydrological model. All the simulations were based on daily values but here only monthly figures are 
given (Fig. 7) 
 
It can be concluded that there seems to be no major change in precipitation but due to an increase in 
temperature the evaporative losses increase and the runoff in the spring and summer time reacts 
accordingly. Dry periods will increase in intensity and in time but due to the comparable high amounts 
of precipitation this will not constitute a major drawback. Obviously, the number of winter days is 
drastically reduced and winter sports in the headwater area will suffer or may even disappear. 
 
With respect to floods no major changes are expected. Winter floods may become more frequent. 
Summer floods don’t show an increase in their magnitude. 
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Fig. 7.: Mean monthly values of rainfall (top), actual evaporation (middle) and runoff (bottom) 
(black: observed; dark blue: historic simulations; light blue: historic green house gas conc. red: 
doubling of green house gas conc.) 
 
 
5. Summary and conclusions 
 
In this paper a review of the various impacts on the hydrology of headwater areas was given. The 
direct impacts due to human interventions in a catchment were investigated. Especially, the 
consequences of the increase in housing areas, the channelisation of rivers, changes in the land use 
pattern and the development of the infrastructure were analysed with respect to runoff and peak flow. 
For that purpose a semi-distributed and mostly physically based hydrological model was applied for a 
region of about 700 km2.  The most critical point was the parameterisation of the various impacts and 
this was possible by integrating hydraulic with hydrological models.  
 
It can be concluded that in this specific case the adverse impact of river impoundments aggravated the 
flood probability by about 10 %. Above a certain threshold which corresponds to the bankful discharge 
the impact is smaller. Infra-structural development including forest access roads and extension of 
housing areas had only a small impact in the range of about 1 %, which is to say negligible. The 
largest effect had the reafforestation which took place in the last hundred years and which increased 
the forest area from 35 to 80 %. As a consequence the storage capacity of forest stands is enlarged 
and during rainfall events several beneficial effects are observed. The flood peak is reduced and the 
rising limb of the flood wave is delayed. 
 
Climate change impacts were studied by the help of the same hydrological model which was driven by 
downscaled time series of rainfall and precipitation. The downscaling was based on the past 
observations when classified large scale circulation patterns were linked with local observations. The 
comparison of different large scale models showed a large uncertainty and also the classification 
procedure showed that the historic frequency of typical circulation patterns did not properly conform 
with observed ones. In general, the simulations showed an increase in temperature but no clear 
changes in precipitation. it can be concluded that the runoff pattern will be severely modified, mainly 
because of the increased evaporation. No major changes in the flood frequency could be detected.  
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