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Kurzfassung 

Die Nutzung von Wasserkraft ist die wichtigste Quelle an erneuerbaren Energien. Weltweit 

werden ca. 20 % der elektrischen Energie durch Wasserkraft erzeugt. Österreich bezieht sogar 

65 % seiner elektrischen Energie aus Wasserkraft. Der Klimawandel beeinflusst die zeitliche und 

räumliche Verfügbarkeit von Wasser und hat damit direkte Auswirkungen auf das 

Energiegewinnungspotenzial aus Wasserkraft. Während die Klimamodelle, was den Anstieg der 

Lufttemperatur um 3.5 bis 4 K angeht, weitgehend übereinstimmen, bestehen große 

Unsicherheiten bezüglich Niederschlag und Globalstrahlung. 

In dieser Arbeit werden zwei Ansätze vorstellt, die sich mit den möglichen Auswirkungen des 

Klimawandels auf den Wasserkreislauf beschäftigen. Zum einen werden mögliche 

Auswirkungen in Österreich analysiert, zum anderen liegt der Fokus auf großskaligen 

Europäischen Gebieten. Mittels Monte Carlo Simulationen werden bei letzteren zusätzlich 

Unsicherheiten der Klimamodelle und des hydrologischen Modells verglichen. Über statistische 

Verfahren können Abfluss und Energiegewinnung miteinander in Verbindung gesetzt werden 

und so mögliche Auswirkungen auf das Potenzial auf Wasserkraftwerke abgeschätzt werden. In 

beiden Teilen werden die Klimamodelle ALADIN, REMO und RegCM3 verwendet, die jeweils 

unter Verwendung des IPCC Szenarios A1B betrieben wurden. 

In Österreich wurden 10 Einzugsgebiete ausgewählt, die mit einem halbverteilten 

hydrologischen Konzeptmodell modelliert wurden. Da sich diese Gebiete teils bis in große 

Höhen erstecken, spielt Schnee eine bedeutende Rolle in der Modellierung. In vielen Studien 

wird Schnee mit einem temperaturgetriebenen Verfahren modelliert. Das kann zur Folge haben, 

dass sich Schnee im Hochgebirge ansammelt, da die Temperatur nur sehr selten über die 

Schneeschmelztemperatur steigt. Dieses Problem wurde in dieser Arbeit mit zwei 

unterschiedlichen Modellen behandelt. Für das verteilte Niederschlag-Abfluss-Modell COSERO 

wurde eine Routine entwickelt, welche laterale Schneetransportprozesse empirisch 

berücksichtigt. Dadurch konnten unrealistisch große Schneeanhäufungen in den oberen Höhen 

im Einzugsgebiet der Ötztaler Ache vermieden werden. Zusätzlich konnte das Verhalten des 

Modells bezüglich des Abflusses verbessert werden. 

Für das hydrologische Modell, welches für die Klimawandelmodellierung verwendet wurde, 

wurde eine weitere Routine zur Umverteilung von Schnee entwickelt. Verglichen mit der 

Routine für COSERO führt diese zu ähnlichen Ergebnissen, was sowohl die Akkumulation als 

auch die für die Akkumulation kritische Seehöhe angeht. Des Weiteren konnte gezeigt werden, 

dass das Missachten von Schneeverlagerungsprozessen das Abflussverhalten des Modells in der 

Mitte des Jahrhunderts deutlich beeinflusst. Schnee sammelt sich in den obersten 

Höhenschichten über 100 Jahre hinweg und beginnt zu schmelzen, wenn die Temperaturen durch 

den Klimawandel bedingt in diesen Höhen ansteigen. Dieses Verhalten konnte durch die 

Implementierung der Schneeverteilung vermieden werden. 
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Diese modifizierte Version des hydrologischen Modells wurde in den zehn Österreichischen 

Einzugsgebieten angewandt. Dabei hat sich gezeigt, dass infolge des Klimawandels mit einer 

Verminderung des jährlichen Abflusses in den meisten Gebieten zu rechnen ist. Saisonal 

betrachtet ist eine Zunahme der Abflussmengen im Winter wahrscheinlich, da Niederschlag 

vermehrt in flüssiger Form fällt, welcher rasch zum Abfluss führt. Die verringerte 

Schneeschmelze zusammen mit erhöhten Werten der Verdunstung und Rückgang der Gletscher 

führen im Sommer zu einer deutlichen Reduktion des Abflusses. 

In den Europäischen Gebieten wurden ähnliche Ergebnisse gefunden. Hier wurde ein Rückgang 

des Energiegewinnungspotenzials in drei von vier Staaten ermittelt. Dieser bewegt sich im 

Bereich von 2 bis 10 %. Durch die erhöhten Abflüsse im Winter kann allerdings saisonal mit 

einem erhöhten Potenzial gerechnet werden. 

Schlüsselwörter: Klimawandelfolgenmodellierung; Niederschlag-Abfluss-Modellierung; 

Schneeprozesse; Modellierung von lateralen Schneetransportprozessen 
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Abstract 

Earth’s climate is changing. While climate models agree on warming of about 3.5 to 4 K in 

alpine regions, evolution of precipitation and global radiation is uncertain. This change has 

impacts on the hydrological behaviour of catchments and regions and therefore on the 

hydroelectric power potential. Worldwide hydropower is the most important source of renewable 

energy as 20 % of the world’s electricity is provided by hydropower stations. Austria even gains 

roughly 65 % of its electric energy from hydropower. 

This thesis presents two approaches to study possible impacts of a changing climate on the 

hydrological cycle. One focusses on the evolution of climate and its hydrological impact in 

Austria, the other concentrates on large regions in the Alps, focussing on uncertainties of the 

model chain of climate models and hydrological models and links discharge and electric power 

generation statistically to derive statements about the evolution of the hydroelectric power 

potential. In both studies the regional climate models ALADIN, REMO and RegCM3 were used 

with the IPCC emission scenario A1B. 

In Austria ten basins have been selected and modelled using a conceptual, semi-distributed 

rainfall-runoff model. Since many of these catchments cover high mountainous regions snow 

processes play a key role. In many recent studies, snow has been modelled using a method that 

uses only temperature to determine whether precipitation occurs in liquid or solid form and 

whether snow can melt or not. This may lead to unrealistic high accumulations of snow in the 

peak regions because no lateral snow transportation processes are taken into account. The 

presented study deals with that problem. A simple snow redistribution model has been developed 

for the use in the raster based hydrological model COSERO. This model has been tested in the 

catchment of Ötztaler Ache, Austria. In a seven year period the standard model without 

considering redistribution of snow would lead to unrealistic snow accumulation in high elevated 

regions whereas the updated version of the model does not show accumulation and does also 

predict discharge more precisely leading to a Kling-Gupta-Efficiency of 0.93 instead of 0.9. 

Another approach for preventing snow accumulations in high altitudes has been developed for 

the semi-distributed model used for climate change impact modelling. Similar behaviour 

regarding snow accumulations and the critical elevation for this to occur has been found in the 

Salzach River basin, Austria. It could be shown that not considering snow transport leads to 

higher discharge rates in the mid-century. Snow that accumulated over a hundred years starts to 

melt due to higher temperature values in high altitudes. This could be prevented by the use of the 

redistribution model. 

The updated version of the model was applied to the selected basins. Mainly due to warming, 

snow melt becomes more important in winter and early spring while the total amount of snow 

being stored in the catchment in the cold season gets lower. Consequently, discharge rates in 

winter in general are higher than now in summer enhanced evapotranspiration combined with 
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less snow and ice melt lead to lower discharge rates. Annual sums of runoff in most of the basin 

are decreasing. 

Similar results were found in modelling large scaled region in the Alps. Selecting the best 500 

runs out of 500 000 Monte Carlo runs performed by a new developed model show that 

uncertainties arising from hydrological models are small in comparison with uncertainties of 

climate change models. Runoff then was statistically linked to hydropower potential in national 

states. In most countries the annual energy potential drops by about 2 to 10 percent. However, 

due to more equalized seasonal runoff behaviour, higher rates of energy production may be 

possible during the winter. 

Keywords: Climate change impact modelling; rainfall runoff modelling; snow cover processes; 

lateral snow transportation modelling; 
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1 Introduction  

Climate change is undeniable (Ansari et al., 2013; Parmesan et al., 2013). The Intergovernmental 

Panel on Climate Change estimates that global warming by the end of the 21st century will cause 

a rise of temperature of up to 5.5 K relative to 1985-2005 (IPCC, 2013). The Global Challenges 

Foundation names climate change as one of twelve risks to humanity (Pamlin and Armstrong, 

2015). Besides the possibly pronounced occurrence of natural hazards such as heavy 

thunderstorms, heatwaves or droughts (Brooks, 2013) it is expected to have a negative effect on 

water resources and freshwater ecosystems in all regions of the world (Jiménez Cisneros et al., 

2014). Nearly one sixth of world’s population lives within snowmelt dominated catchments with 

low reservoir storage (Barnett et al., 2005). These regions are potentially vulnerable for shifts in 

runoff caused by climate change (Viviroli et al., 2011). Water resources also play a key role in 

the mix of regenerative energy sources such as hydropower which by now is the most important 

source of renewable energy, supplying about 20 % of global electricity demands (Panwar et al., 

2011). The greater the alpine region in a country the higher the share of hydropower in the mix 

of electric energy sources. Roughly 65 % of the electric energy of Austria is provided by 

hydropower (E-Control, 2013).  

What impact does climate change have on water resources? Is it possible to account for changing 

climate conditions using hydrological models? How do hydrologic systems adapt to changes in 

climate? Answering these questions is challenging since still little is known about how the 

climate might evolve and what are the consequences for hydrosphere, cryosphere or marine 

systems (Ford and Pearce, 2010). Nevertheless, many studies around the globe have tried to give 

answers to questions of this kind. Pohl et al. (2007) applied a distributed model to a small 

catchment in the Canadian Arctic to study impacts on snowmelt behaviour. They found a 

considerable shift in the ascent and the occurrence of peak runoff towards earlier seasons in the 

year. In analysing hydrological responses of large Himalayan rivers to climate change until the 

mid-century Immerzeel et al. (2010) found changes in seasonal runoff conditions but stated that 

these changes differ substantially among river basins and could not be generalized. In a case 

study in the Tyrolean Alps, Austria, Laghari et al. (2012) reported a change from a rainfall- and 

snowmelt dominated runoff regime to a rainfall dominated regime. This finding was also 

reported by several other authors (Beniston, 2012; Holzmann et al., 2010; Koboltschnig et al., 

2008). 

Many of these studies however concentrate on small to medium scale (i.e. 10s to 100s of square 

kilometres) catchments. Schaefli et al. (2007) analysed climate change impact on hydropower 

towards quantifying uncertainties in the 170 km² basin of Mauvoisin in the Swiss Alps. An area 

of the same order of magnitude was investigated by Alaoui et al. (2014) who focussed on 

changes in climate as well as on land-use changes in the near future until the year 2028. On the 

other hand, some work was done focussing on catchments or regions covering 10s to 100s of 

thousands of square kilometres (Kling et al., 2012; Stanzel and Nachtnebel, 2010). 
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The leading tools available for projecting future conditions of transient atmospheric variables 

that have an effect of climate relevant gases such as CO2, CH4 or N2O are global circulation 

models (GCMs). These models are based on physical equations appropriate at spatial ranges of 

hundreds of kilometres. Future scenarios are used to generate forcing agents that drive those 

models. These scenarios are defined by the IPCC. Until the previous report in 2007, the 

scenarios were based on the emission of greenhouse gases given in CO2-equivalent (IPCC, 

2000). An increase of these gases would cause a surplus of earth’s energy intake. More energy 

would be received than could be emitted by the planet. Since the amount of energy a body is able 

to emit depends on its surface temperature (Stefan-Boltzmann law), the earth needs to warm up 

to restore its energy balance (Le Treut et al., 2007). Based on different socio-economic 

development pathways the IPCC (2000) defined four families of emission scenarios (SRES, 

special report on emission scenarios) that are given in Table 1-1. These families then were the 

basis for six emission scenarios all of which were considered possible. However, in many 

climate change studies (e.g. Kling et al., 2012; Koch et al., 2011; Mauser and Bach, 2009; 

Samuels et al., 2010) including this thesis, the scenario A1B was only considered. A1B assumes 

a globalized focus on economic growth with a balanced emphasis on all energy sources (fossil 

and regenerative). According to Kling et al. (2012) it may be considered as medium or moderate 

scenario. 

Table 1-1: The four families of emission scenarios provided by the IPCC (2000). 

 Economic focus Environmental focus 

Globalization A1 (warming of 1.4 to 6.4 K) B1 (warming of 1.1 to 2.9 K) 
Regionalization A2 (warming of 2.0 to 5.4 K) B2 (warming of (1.4to 3.8 K) 

warming rates relative to 1980-1999 

In the latest report by the IPCC (2013), new scenarios have been defined. No longer based on 

emissions of greenhouse gases, a surplus of radiative forcing is considered directly. Four 

scenarios have been defined: RCP 2.6, 4.6, 6.0 and 8.5. The numbers hereby refer to the extra 

radiative forcing in Watts per square metre in the year 2100 with respect to the average from 

1850 to 1900. Since the work on this thesis was started in 2011 the old scenario A1B was 

considered.  

Obviously a spatial resolution of hundreds of kilometres which is provided by GCMs is not 

sufficient for the use of hydrological models on the catchment scale, i.e. some hundreds to few 

thousands of square kilometres (Bárdossy and Pegram, 2011). Consequently information from 

GCMs need to be transferred to a higher resolution. This process is called downscaling. The 

most common methods for downscaling include (i) delta change methods which look at the 

percentage/amount of change from present to future conditions; (ii) statistical downscaling 

methods; and (iii) dynamical downscaling using regional circulation models (RCMs) driven by 

GCMs (Samuels et al., 2010). Chen et al. (2011) compared various techniques in a watershed in 

Québec, Canada, and concluded that the choice of the method has critical influence on 



 

Introduction 

3 

hydrological impact studies. In general statistical downscaling methods lead to good results, yet 

limitations exist in reproducing regional processes affecting subgrid-scale precipitation patterns 

(Schmidli et al., 2006). This however is crucial for climate change assessment in alpine regions. 

Thus, in this thesis, dynamical downscaling using RCMs is used to gain regional information 

regarding meteorological parameters. 

RCMs are similar in their structure to GCMs but operate on the regional scale, i.e. use grid cells 

with 25 to 50 km edge sizes. An RCM is driven by the output of a GCM (Kendon et al., 2010). 

They certainly provide meteorological information on a better spatial scale than GCMs, however 

for studies in mountainous terrain this is still not sufficient (Prasch et al., 2011). Consequently, 

the RCM output needs further refinement. A common resolution used by many hydrological 

models is 1 x 1 km (see e.g. Frey and Holzmann, 2015; Koboltschnig et al., 2008; Stanzel and 

Nachtnebel, 2010). Depending on the topic of research however, this resolution might not be 

sufficient either. Some authors working on snow processes in mountainous terrain suggest grid 

cells the size of 10 to 50 metre edge sizes (e.g. Bernhardt and Schulz, 2010; Bernhardt et al., 

2010; Warscher et al., 2013). A review of scaling issues in hydrology can be found in (Blöschl 

and Sivapalan, 1995). In Figure 1-1 a comparison of the spatial resolution of both an RCM and 

the data on a 1 x 1 km grid is shown for mean temperature values in June during the period from 

2003 to 2010 for Austria. 

 

Figure 1-1: Comparison of spatial resolutions of an RCM (a) and localized data (b). The RCM consist of 

a resolution of 25x25 km while the localized data is scaled down to the resolution of the INCA data of 

1 x 1 km. Both show mean temperature values for June during the period 2003-2010. Figures from Frey 

et al. (2014). 

Using high resolution meteorological data it is possible to apply hydrological models to 

watersheds. These models describe the hydrological cycle in various states of complexity 

ranging from physically based descriptions of water movement in the soil (e.g. Erdal et al., 2014) 

to simple water balance equations for large scale (i.e. hundreds of thousands of square 

kilometres) catchments (see e.g. Gudmundsson et al., 2012; Hannah et al., 2011). Even on the 

global scale, hydrological models have been applied (Stahl et al., 2012). While conceptual 

models simplify hydrological processes and therefore need to be calibrated over a certain period 
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of time, physical based models ideally do not have such a need. For instance, Lange et al. (1999) 

presented a non-calibrated model approach for a semi-arid catchment in Israel. However, 

physical based models rely on a large number of parameters such as land surface, soil properties 

or vegetation that are difficult to obtain. Consequently, most of these models need calibration of 

at least some of their parameters, too (Kunstmann et al., 2006). But simplification of 

hydrological processes has limits. Seibert (2003) showed that conceptual models may perform 

well during the time period of calibration but fail when applied to time windows outside that 

range. According to Bergström (1991), this could mean that a model is over-parameterized, too. 

Other authors however report good model performances both inside and outside the calibration 

time window, even when both time series are separated by a copious amount of time 

(Christensen et al., 2004; Koboltschnig et al., 2008).  

One of the most criticized characteristics of (calibrated) hydrological models is equifinality: 

Many sets of parameters lead to equally well model results (Beven, 1993). This behaviour is 

unavoidable, yet may be managed by different approaches. Beven and Binley (1992) presented 

the GLUE (Generalized Likelihood Uncertainty Estimation) procedure to identify a variety of 

parameter sets leading to similar good results. Using this methodology it is possible to account 

for uncertainty ranges originating from parameter sets (Beven and Freer, 2001; Schulz et al., 

1999). Another approach was presented by Vrugt et al. (2009) who used formal Bayesian 

statistics to account for uncertainty issues. Also accounting for parameter sensitivity during 

calibration may help reducing equifinality (Massmann and Holzmann, 2012a; Massmann et al., 

2014). In general, a higher degree in model complexity enhances the issue of equifinality. On the 

other hand a more complex model may lead to better model results during the period of 

validation compared to a simple model if the model can be calibrated by means of using expert 

knowledge (Gharari et al., 2014; Hrachowitz et al., 2014). 

Many authors have addressed the issue that models should “give the right answers for the right 

reasons” (e.g. Grayson et al., 1992; Kirchner, 2006; Klemeš, 1988). A well-known example for 

models giving good results for the wrong reasons was stated by Kirchner (2003) in his “old 

water paradox” paper. He addressed the fact that storm flow mainly consists of old water yet 

most hydrological models picture peak discharge as a fast runoff component and therefore 

assume it would consist of new, young water. Weiler and McDonnell (2004) introduced the 

concept of virtual experiments to identify first order controls in hillslope hydrology. They 

conclude getting the answers right for the right reasons also reduces equifinality issues.  

Another topic regarding wrong model behaviour is snow accumulation in high elevations. 

Koboltschnig et al. (2008) noticed a simulated accumulation of more than 10,000 mm SWE 

(snow water equivalent) during a six year period in the catchment of Salzach. One of the reasons 

for accumulation of snow is the use of a simple melt model approach using only temperature to 

trigger melting of snow or ice. A typical example of a temperature index method for snow 

modelling is the day degree approach (see for example Hock 2003). As long as air temperature 

does not rise above a certain threshold (often 0 °C), snow does accumulate regardless of any 
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other processes that may lead to snow melt like radiation or turbulent fluxes of latent energy. In 

high mountainous regions this may be the case for most days during the year leading to an 

intensive accumulation of snow in these areas. In nature, however, these accumulations are 

barley existent. Reasons for that are, besides of a more complex melting behaviour of snow than 

it is assumed in temperature-index approaches, either wind or gravitationally induced lateral 

snow distribution processes (Elder et al., 1991; Winstral et al., 2002). Resulting snow depths 

vary greatly on high-resolution scales (e.g. Helfricht et al., 2014) but, when changing the focus 

from micro (e.g. several square meters) to macro scales (e.g. one to several square kilometres), 

there are less variations (Melvold and Skaugen, 2013). 

During the accumulation period, according to Liston (2004), there are primarily three 

mechanisms responsible for these variations: (i) snow-canopy interactions in forest covered 

regions, (ii) wind induced snow redistribution and (iii) orographic influences on snow fall.  

Differences in tree species (deciduous vs coniferous trees) as well as the density and height of 

the canopy layer cause spatial variability of the snow layer (Garvelmann et al., 2013; Liston, 

2004; Pomeroy et al., 2002). Besides the impact of vegetation, wind is the most dominant factor 

influencing snow patterns in alpine terrain. Snow is transported from exposed ridges to the lee 

side of these ridges, valleys and vegetation covered areas (Essery et al., 1999; Liston and Sturm, 

1998; Rutter et al., 2009; Winstral et al., 2002). One has to be aware, that besides of the physical 

transport of solid snow wind also stimulates sublimation processes (Liston and Sturm, 1998; 

Strasser et al., 2008). Wind influences snow patterns on scales of some 100s to 1000 square 

metres (Dadic et al., 2010a). The third mechanism influences snow patterns on a larger scale of 

one to several kilometres (e.g. Barros and Lettenmaier, 1994). Non-uniform snow distributions 

are caused by interactions of the atmosphere (air pressure, humidity, atmospheric stability) with 

topography (Liston, 2004).  

In addition to these processes, gravitationally induced processes like avalanches play a role in 

snow redistribution (Lehning and Fierz, 2008; Lehning et al., 2002; Sovilla et al., 2010). In steep 

terrain, avalanches mainly depend on the slope angle and are capable of transporting a 

considerable amount of snow over distances ranging from 10s to several 100s of metres (Dadic 

et al., 2010b; Sovilla et al., 2010). 

During the ablation period, spatial snow distributions are mainly influenced by differences in 

snow melt behaviours. On the northern hemisphere snowmelt from south-facing slopes is 

generally higher than snowmelt on north-facing slopes due to the inclination of radiation. Also 

vegetation influences melting behaviours. Shading reduces snowmelt compared to direct 

sunlight. Enhanced emitted long wave radiation due to warm bare rocks or trees increases it 

(Garvelmann et al., 2013; Pohl et al., 2014). 

Models trying to deal with accumulations may be classified into two major approaches. One is to 

model snow distribution patterns process-oriented the other approach is empirical. Examples for 

process oriented model are SNOWPACK (Bartelt and Lehning, 2002a) used in avalanche 



 

Introduction 

6 

research or SnowTran3D (Liston and Sturm, 1998; Liston et al., 2007). A common thread of 

these models is that they are computationally intensive as they require data in high spatial 

resolution 100 to 1000s of square metres. Empirical models use the fact that snow patterns form 

similarly each year (Helfricht et al., 2014, 2012).  

Helfricht et al. (2012) used airborne LiDAR measurements to determine snow accumulation 

gradients for elevation bands in the Ötztaler Alps. These could be used to improve hydrological 

models regarding snow cover distributions and subsequently to achieve better runoff predictions. 

LiDAR data, however, are relatively expensive. Often wind speed and -direction are used to 

model snow drift (e.g. Bernhardt et al., 2009; 2010; Shulski and Seeley, 2004; Winstral et al., 

2002; Liston and Sturm, 1998). Also the physical based SNOWPACK model (Bartelt and 

Lehning, 2002a) used in avalanche research uses wind to determine redistribution of snow. 

Unfortunately, wind fields are prone to errors, especially if generated by climate models, i.e. 

GCMs or RCMs, for climate change scenario studies (Nikulin et al., 2011). Furthermore, these 

models need spatial information on a small scale of grid cells of only 100s to 1000s of square 

meters (Schöber et al., 2014).  

However, the difficulties of snow accumulation also occur when models using coarser cell sizes 

or even semi-distributed model using elevation levels instead of grid cells are applied to 

mountainous catchments. These accumulations do not only affect snow patterns but also seasonal 

melting behaviour and subsequently discharge (Frey and Holzmann, 2015). 

The aim of this thesis is to investigate changes on the hydrological cycle caused by possible 

changes of the climate. To accomplish that, this thesis is split into three parts: (i) modelling of 

snow cover processes to prevent unrealistic snow accumulations, (ii) comparison of uncertainties 

arising from climate and hydrological models combined with an impact study on the hydropower 

potential of national states in Western Europe and (iii) impacts of climate change on the 

hydropower potential in Austria.  

To model possible changes it is important to represent hydrological processes in the alpine zone. 

These are mainly influenced by snow processes, i.e. accumulation and depletion of the snow 

cover. To accomplish this a semi-distributed rainfall runoff model presented by (Holzmann et al., 

2010) has been adapted and advanced. This model is referred to as SASWET for Snow And Soil 

Water balance Estimation Tool. The same model is used in the third part of this thesis as well. 

Since the model uses a temperature index approach for modelling snow, accumulation of snow 

over the period of many years becomes a problem. Therefore one part of this thesis investigates 

possibilities to avoid this accumulation behaviour. A simple routine has been developed for the 

use in SASWET. This routine was tested in the catchment of Salzach River, Austria. Since 

SASWET is designed as a semi-lumped model and uses elevation band to account for elevation 

dependent processes no spatial distributed information about the snow cover can be used. Hence, 

another snow redistribution model has been developed for the use in the distributed rainfall 

runoff model COSERO (Nachtnebel et al., 1993) which already has been applied to climate 
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change studies (e.g. Stanzel and Nachtnebel, 2010). This snow redistribution model operates on a 

1 x 1 km grid and was tested in the catchment of the Ötztaler Ache, Austria. The development 

and results of applying the model in this basin have been published recently by Frey and 

Holzmann (2015). Hence, the first part of this thesis illuminates snow and snow redistribution 

processes in mountainous regions. 

Besides snow cover processes uncertainties of the model cascade, i.e. GCMs to RCMs to local 

meteorological data to hydrological model, are of concern for stating the possible impact of 

climate change to the hydrological cycle. These uncertainties were investigated in a case study in 

large watersheds and model regions. In this case, large refers to some thousands of square 

kilometres. For this purpose, a simple water balance tool was developed. This is referred to as 

WaBi, for Wasser Bilanz (German for water balance) model. This work was part of a project 

with Verbund AG, an Austrian energy supplier and forms the second part of this thesis. 

Taking into account the conclusions from both snow modelling and uncertainty investigations, 

the third part of this thesis consists of estimating changes in water resources due to climate 

change signals in Austria and Southern Germany. Ten medium to large scale catchments (i.e. 

several hundreds to some few thousands of square kilometres) have been chosen for this task. 

In chapter 2 the hydrological models developed and used during the course of this work are 

described. These models are SASWET, used for both snow cover modelling in high altitudes and 

for hydrological modelling aiming on impacts of climate change on hydropower, WaBi used for 

uncertainty analysis and assessment of hydropower evolution in alpine European countries and 

COSERO, used for detailed snow redistribution modelling. 

Chapter 3 and 4 describe the characteristics of the sites modelled and the used data to perform 

the modelling, respectively. The procedures for calibration and validation of the models are 

described in chapter 5.  

Chapter 6 splits into two sections: (i) the results of calibrating and validating the models are 

given, followed by (ii) the results of each of the three parts including a respective discussion. 

The results of calibrating COSERO are not included in this part, though. The comparison 

between an updated version and a standard model approach of COSERO including calibration is 

described separately. At the end of the thesis the results are summarized and concluded. 
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2 Hydrological Models 

Hydrological models can be subdivided in different ways. Commonly used is the classification in 

conceptual and physical based models and in lumped, semi-lumped and (fully) distributed 

models. The border between conceptual and physically based models is not clear, as there often 

are physically based assumptions used in conceptual models. An example is modelling snow 

processes using an energy balance approach. On the other hand, some physically based models 

use equations that were developed for conceptual models. To remain at the modelling of snow, 

an example is the use of a temperature index approach in the SHE model (Bøggild et al., 1999). 

It may also be the case that a model fulfils the nature of being physically based on a certain 

spatial scale, e.g. hillslope, while it does not for other scales like watershed (Liu and Todini, 

2002). Spatially classification is more distinct. Lumped models treat the whole watershed as a 

single unit, with state variables that represent mean values over the catchment area. An example 

for a lumped model is the GR4J model (Perrin et al., 2003). Distributed models divide the 

catchment into several distinct units with each of them described by state variables that represent 

average values over that unit (Beven, 2012). These units are commonly represented by the use of 

grid cells or hydrological response units (HRUs). Examples of distributed models are the HBV-

96 (Lindström et al., 1997), a distributed version of the classical HBV model (Bergström, 1976), 

the HL-RMS (Koren et al., 2004) and the COSERO model (Nachtnebel et al., 1993) that is used 

in parts of this work. Often, hydrological models treat some of their components in a distributed 

way while others are treated as lumped elements. Lumped parts might be aquifers that describe 

base flow while evapotranspiration or snow-linked processes are coped with spatially distributed 

components. These models may be called semi-distributed or, sometimes, semi-lumped models. 

All different kinds of complexities can be found within this group of models. Examples of semi-

distributed models are SWAT (Arnold et al., 1998) and the PREVAH model (e.g. Viviroli et al., 

2009). Also the models WaBi (Frey and Holzmann, 2014) and SASWET (see e.g. Frey et al., 

2013; Holzmann et al., 2010) used in this work can be referred to as semi-distributed models. 

Since even distributed models average state variables in space one might argue that models 

should only be classified in lumped and semi-distributed models. 

In the following, the hydrological models used in this work will be explained. The models were 

applied to different countries and catchments that will be described in chapter 3. Both SASWET 

and WaBi were used to study possible impacts of climate change on the water cycle and 

therefore on the hydropower potential. Hereby SASWET was applied to ten basins in Austria 

while the more simple model WaBi was used to model the water balance in five large scale 

(several thousands of square kilometres) regions in the Western Alps. The third model 

introduced here, COSERO, was used to study the effects of snow redistribution on a 1 x 1 km 

grid in the Ötztaler Alps. 
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2.1 The semi-distributed Model SASWET  

Based on the ideas of the widely used HBV model (Bergström, 1976), SASWET (Snow And 

Soil Water balance Estimation Tool) is a conceptual, semi-distributed rainfall runoff model. A 

scheme of the model is illustrated in Figure 2-1. The model is able to account for fast surface 

flow components induced by infiltration excess (in the following referred as HOF) as well as 

saturation overland flow (SOF), interflow (subsurface flow, SSF) and ground water flow (GWF). 

It has recently been used for several purposes as climate change analysis on hydrological 

components (Holzmann et al., 2010), analysis of parameter interaction (Massmann and 

Holzmann, 2012a, 2012b) or runoff forecasting on mesoscale catchments (Holzmann and 

Nachtnebel, 2002). The version of SASWET used in this work is a further developed version of 

the one described in Holzmann et al. (2010). A summary of the parameters used by SASWET is 

given in Table 2-1. In this study, the model is run using daily time steps, however it is capable of 

higher temporal resolution (e.g. hours). 

 

Figure 2-1: Scheme of the hydrological model SASWET (after Frey et al., 2013, edited). Potential 

evapotranspiration is estimated by a modified method of Turc (Turc, 1961) without considering 

relative humidity. If the soil water level drops below ½ of the field capacity, ETP is linearly reduced 

to ETA. The model is capable of modelling fast overland flow (SOF and HOF), interflow (SSF) and 

baseflow (GWF). State variables marked with an asterisk (*) are calculated on different elevation 

levels whereas the others are treated in a lumped way. 

While precipitation is treated as lumped input, temperature and all temperature-dependent state 

variables are available on up to seven distinct elevation levels: 250 m, 500 m, 750 m, 1000 m, 
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1250 m, 1500 m and 2500 m a.s.l. Derived from a high resolution digital elevation model 

(DEM), the modelled catchment is subdivided into 100 m elevation levels (see Figure 2-2). 

Information about air temperature is gained by interpolating (extrapolating using a lapse rate of 

0.0065 °C m-1 if above or below 2500 m or 250 m a.s.l., respectively). This means the model is 

able to picture inversion weather conditions. Subsequently, ice- and snowmelt are calculated 

based on these elevation zones. 

 

Figure 2-2: Example for elevation bands used by the model SASWET. The model does not consider 

aspect or angle of the slopes. 

2.1.1 Processes in the soil 

SASWET treats soil as lumped storage in the watershed (see Figure 2-1). Water enters this 

bucket-type storage either by liquid precipitation or by snow and ice melt. Processes regarding 

evapotranspiration are discussed in chapter 2.1.2, ice and snow are described in chapter 2.1.3. In 

both cases the intensity of which water tries to enter the storage is limited and HOF occurs if that 

intensity is exceeded. Water may exit the soil either due to evapotranspiration, percolate into a 

deep groundwater storage or become runoff in form of SOF or SSF. Deep percolation occurs as 

long as the soil water content exceeds field capacity, surface- and subsurface flow only occur if 

the water table is high enough to exit the soil through the respective outlet. The outflow (Q) of 

all storages is parametrized by respective storage constants (k) using Eq. (2-1). All parameters of 

the model are listed in Table 2-1. 

1
exp	  (2-1) 
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Table 2-1: Parameters used by SASWET 

Parameter Description Units 

Runoff parameters 

kHOF k-value of hortonian overland flow (HOF). mm-1 
kSOF k-value of saturation excess overland flow (SOF). mm-1 
kSSF k-value of subsurface flow (SSF). mm-1 
kPERC k-value of deep percolation to the groundwater body. mm-1 
kGWF k-value of groundwater flow (GWF). mm-1 
QCL Lower boundary of the runoff coefficient. [%] 
QCU Upper boundary of the runoff coefficient. [%] 
kAPI k-value of the antecedent precipitation index. mm-1 

 Soil parameters  

h1 Thickness of the soil water reservoir. mm 
h2 Thickness of the plant-available soil water reservoir. mm 
SQL Storage state at QCL. mm 

SQU Storage state at QCU. mm 

Snow parameters 

TSNOW Threshold temperature to decide whether precipitation is 
considered fluid or solid and whether snowmelt occurs. 

°C 

TICE Threshold temperature to induce ice melt. °C 
CTSNOW Degree day factor for snowmelt. mm °C-1 
CTICE Degree day factor for ice melt. mm °C-1 
SPLITMELT Splits melt from snow and ice into direct runoff and water 

infiltrating the soil. 
[%] 

PSCRIT Amount of fresh snow necessary to reset the albedo. mm d-1 
fage Aging constant to account for lowering the albedo of snow. d-1 
fasp Factor for correcting melt according to mean aspect [-] 
CTAMP Amplitude of the mean CT value. [-] 
TSNOWAMP Amplitude of the mean TSNOW and TICE values. [-] 
DISTSHAPE Shape of snow distribution. Shapes can be normal distributed, 

linearly increasing or linearly decreasing (see Figure 2-6). 
[-] 

DISTDON Amount of elevation levels acting as donor [-] 
DISTACC Amount of elevation levels acting as acceptor with respect to a 

single donor level 
[-] 

Meteorological parameters 

radgrad Elevation dependent gradient for global radiation. W m-2 m-1 
tgrad Elevation dependent gradient for temperature. Only used 

above/below the highest/lowest elevation surface where 
temperature information is available. 

°C m-1 

CETP Correction factor for calibrating ETP using Eq. (2-2). [-] 
PCOR Factor to adjust precipitation amounts. [%] 
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2.1.2 Evapotranspiration 

Evapotranspiration is estimated using a modified version of Turc’s method (Turc, 1961) that 

does not consider relative humidity as this is – in regionalization and climate models – prone to 

large errors (Fries et al., 2012; Sklenář et al., 2008). This formula is given by Eq. (2-2), where 

ETP is the potential evapotranspiration in mm, RG is the global radiation in W m-² and TAIR is 

the air temperature in °C. The method can be calibrated for different sites using the correction 

coefficient CETP. To avoid negative values of ETP that would occur at negative air temperature 

values, the lower bound of ETP is 0.1 mm per day. 

ETP C RG 24
TAIR

TAIR 15
 (2-2) 

In comparison with the method of Thornthwaite (1948) (see Eq. 2-8), that was originally used, 

this has two advantages. First, the Thornthwaite method generates monthly mean values for ETP, 

whereas Turc gives the ETP for each day. Second, Turc’s method, in contrast to Thornthwaite’s 

formula, uses global radiation values for the calculation of ETP. For Austria, climate models 

indicate a significant increase of global radiation in the summer months of the second half of the 

21st century and a decrease in the winter season (APCC, 2014). Figure 2-3 compares daily ETP 

values in the period 1961-1990 using input from the eobs-dataset (Haylock et al., 2008) 

estimated by both methods. Due to (I) radiation-driven processes and (II) the estimation of ETP 

on a daily basis, the spread of Turc’s approach is wider than Thornthwaite’s method. Both lead 

to a similar yearly sum of 390 mm (Turc) vs 410 mm (Thornthwaite).  

Calibration of Eq. (2-2) was done according to the mean annual potential evapotranspiration 

values (Dobesch, 2007) in the hydrological atlas of Austria (Hydrologischer Atlas Österreichs, 

HAÖ, BMLFUW, 2007). 
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Figure 2-3: Comparison of the estimation methods Thornthwaite (a) and Turc (b). Due to radiation-driven 

processes, Turc gives higher values for ETP in winter. Also the range of the values is higher because of 

the generation of daily values while Thornthwaite generates only monthly mean values. Average yearly 

sums are 390 mm (Turc) and 410 mm (Thornthwaite). Data shown is derived from eobs-data (Haylock et 

al., 2008) within the period 1961-1990 in the mean catchment elevation of river Salzach.  

 

2.1.3 Snow and ice processes  

Ice- and snowmelt are calculated using a simple temperature index model given by Eq. (2-3). 

Advantages of such an approach are the robustness and the need for knowing only air 

temperature above the snow pack. A discussion of temperature index melt models is given by 

Hock, (2003). 

∆
,
,   (2-3) 

Where SWE [mm] is the change of snow water equivalent of a snow pack or ice cover at time t, 

CT is the degree day factor [mm °C-1] that may be lowered by a factor dependent on high albedo 

values (ft [-], calculated by Eq. 2-5), TAIRt [°C] is the air temperature and fasp [-] is a factor for 

correcting the melt according to the mean aspect of the elevation surface (see Table 2-2). 

Accounting for inertial processes of the snow pack a cold content (CCt [-]) is applied to the melt 

estimation. At air temperature values lower than a certain, time dependent threshold temperature 

(TMELTt [°C]) snowfall (PSt [mm]) occurs. 

The relationship between temperature and snowmelt is not constant over the year but is 

influenced by potential global radiation. Minimum and maximum values therefore occur on the 

solstices in December and June, respectively (Braun et al., 1994). In between these dates a sine 

curve is fitted by using Eq. (2-4). Here, Dii and Di01.01 are referring to the number of the day i 

and first of January, respectively, iShift gives the time shift in days of the sine function and 
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CTAMP [-] is the amplitude of the sine curve. The same equation is used to adjust the temperature 

threshold for snowmelt to occur. In this case, variables concerning CT are replaced by those 

regarding TMELT. 

sin 2 .

365
 (2-4) 

Also the albedo of snow has an influence on the melting behaviour. High values of fresh snow 

lower the melting rates due to a reduced intake of radiation. The lower the albedo the more 

radiation can be received and therefore melting rates increase (see e.g. Wiscombe and Warren, 

1980). A certain amount of fresh snow (PSCRIT [mm]) is necessary to increase the albedo. 

Eq. (2-5) estimates this influence of albedo on snowmelt. Here, dPS [d] is the number of days 

since the last snowfall (PS [mm]) greater than PSCRIT per day occurred and fage [d
-1] is an aging 

constant for lowering the albedo.  

1,

1
1

,  (2-5) 

If the air temperature exceeds the threshold temperature snow begins to melt. However, in nature 

runoff does not occur immediately after a rise of temperature above that threshold. Water may be 

retained in the snow pack and may even refreeze. More complex models are able to account for 

that directly. Examples are the COSERO model (Nachtnebel et al., 1993; Stanzel and 

Nachtnebel, 2010) or explicit snow pack models like SNOWPACK (Bartelt and Lehning, 2002a, 

2002b; Lehning et al., 2002). In SASWET the concept of cold content (see e.g. Marks et al., 

1999) is used to account for this behaviour. This is done in a relatively easy way, by averaging 

air temperature values over a period of the last CCDUR days using Eq. (2-6). Only if the average 

temperature exceeds the threshold temperature for melting snow (TMELTt), snowmelt becomes 

runoff. CCDUR has values of the magnitude of one to three weeks. 

 (2-6) 

Even though SASWET is a semi-lumped model and cannot consider differences in small scale 

topography but uses elevation bands for a spatial disagregation, it considers the mean facing of 

such an elevation band. Due to a surplus on solar radiation, snow on south facing slopes 

generarily melts faster than on east and west facing slopes. Shading on north facing surfaces 

causes these slopes to show the most inertial melting behaviour (Garvelmann et al., 2013; Pohl et 

al., 2014). Factors for considering faster or slower melting are given by Table 2-2. 
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Table 2-2: Correction for melt behaviour caused by the aspect of a slope. 

Aspect N NE E SE S SW W NW Flat 

fasp 0.7 0.8 1 1.3 1.5 1.4 1.1 0.9 1.2 

In addition to snowmelt, SASWET considers glaciers. These are treated as surfaces with an 

infinite depth. A similar approach was used by Schaefli et al. (2005) in the development of the 

GSM-SOCONT model. Spatial information are received from the Austrian Glacier Inventory 

(Kuhn et al., 2013; Lambrecht and Kuhn, 2007). The same subdivision for elevations is used for 

the construction of the glacier DEM as for the DEM of the catchment. All glaciers and parts of 

glaciers in a watershed are united into one glaciated area. A prerequisite for glacier melt is a full 

depletion of the snow cover overlying the glaciated surface. If the air temperature rises above 

TICE, glacier melt is computed using the same approach as snowmelt (Eq. 2-6).  

Crucial for the survival of a glacier is an even or positive mass balance. If more snow is 

accumulated during winter than is melted during the warm summer months a glacier can grow. 

On the other hand, if accumulation in winter is smaller than melt in summer, the glacier loses 

mass and shrinks. An even mass balance leads to a glacier being in equilibrium meaning that its 

mass remains the same. On the lower, warmer parts a glacier loses more ice than it gains whereas 

in high, cold elevations, more ice can be accumulated than is lost. At least since 1946 the vast 

majority of European glaciers have a negative mass balance (EEA, 2014, see Figure 2-4) and 

according to Habersack et al. (2011) they will disappear in the alps by the year 2100 in 

elevations lower than 3000 m a.s.l. To account for that, glaciated areas are reduced linearly until 

the end of the century. 70 % of the reduction occurs on the lowest glaciated elevation surface, the 

other 30 % influence the total glacier area below 3000 m a.s.l. However, neither growth nor 

movement of glaciers are considered in the model concept. 
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Figure 2-4: Cumulative net mass balance of European glaciers in the period 1946–2012. After (EEA, 

2014), edited. 

2.1.4 Dealing with snow accumulation in the upper altitudes 

The use of a temperature index melt model has the advantage of being quite simple since it uses 

only the temperature as input to determine whether precipitation occurs in the form of snow or 

rain and whether snow can be melted or not. A disadvantage of this approach is that snow 

accumulates as long as the air temperature does not rise above a certain threshold. In high 

mountainous areas this may be the case for most days during the year leading to an intensive 

accumulation of snow in these areas. 

To avoid such model behaviour, a simple approach has been developed to deal with 

accumulations of snow in high elevations using only three parameters for redistributing snow 

(Figure 2-5). Adjusting parameter DISTDON the modeller can set the elevation zones functioning 

as a donor of snow, DISTACC gives the number of zones that act as an acceptor of snow and via 

the third parameter DISTSHAPE the shape of the redistribution function can be set.  

Figure 2-5 illustrates the distribution routine which applies to elevation zones i, where lower 

values of i indicate higher elevation levels. Redistribution of snow takes place during the 

precipitation event itself. Thus it may be considered as a function of changing the amounts of 

solid precipitation. On the peak zone of the mountainous region (i = 1) a portion of snow 

according to the inverse of the parameter DISTACC accumulates (PSAi) whereas the rest (PSDi) is 

redistributed to lower levels. Lower elevation zones may function as a donor and an acceptor of 

snow at the same time if DISTDON is set to larger values than one. These zones gain a portion of 

snow from higher altitudes according to their elevation level and the parameters DISTACC and 
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DISTSHAPE. In Figure 2-5 n indicates the elevation level right above the actual level i and m 

describes the elevation zones contributing to snow redistribution for that certain level i, 

maximum to the peak zone of the catchment. Since those zones act as a donor as well a portion 

of snow PSDi takes part in the redistribution process, too. Elevation levels nested underneath the 

threshold given by parameter DISTDON but still in reach of DISTACC just benefit from snow from 

higher levels. Elevation zones underneath the level given by parameter DISTACC do not take part 

in the redistribution process. 

 

Figure 2-5: Scheme of how the snow distribution routine works. Grey colour indicates snow that is 

transported to lower levels, blue stands for snow being deposited on that certain area from higher 

levels and bluish grey indicates snow that is deposited from precipitation without redistribution. 

DISTACC and DISTDON are parameters to adjust the number of elevation levels (i) receiving and 

donating snow, respectively.  

In addition to the number of surfaces accepting and receiving snow, the shape of the 

redistribution function can be set. Here the modeller can chose from three shapes: a) equal 

distributed, b) linear increasing and c) linear decreasing (see Figure 2-6). Equally distributed 

snow redistribution means that, with respect to one donor zone, all acceptor zones receive the 

same amount of snow. Linear decreasing transports more snow to elevation surfaces next to the 

donor level whereas an increasing distribution transports more snow to elevation levels located 

further downhill to the donor zone. The concept of all three distribution shapes is indicated in 

Figure 2-6a while Figure 2-6b shows the result of all redistributions without accounting for melt 

processes. A useful parametrization of the snow redistribution can be the tree line. In the Alps it 

normally is situated on elevations between about 1900 and 2200 m a.s.l. (Szerencsits, 2012), but 

may rise in a warming climate (Gehrig-Fasel et al., 2007; Leonelli et al., 2010). However, since 

the climatic tree line is already higher than the actual tree line (Leonelli et al., 2010) this possible 

rise is not considered in the model. 

This snow redistribution model is implemented in the snow routine of SASWET and is used in 

all basins having some regions above the tree line. An explicit study testing the behaviour of the 

model was carried out in the catchment of Salzach River. The results of this study are given in 

chapter 6.2. 
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Figure 2-6: a) Different redistribution shapes in respect to one donor level. b) Differences in snow 

distribution caused by the redistribution routine. DISTACC and DISTDON give the number of elevation 

surfaces donating and receiving snow, respectively. 

2.1.5 Runoff generation 

Total discharge (Q) at the outlet of the modelled basin is the sum of all runoff generation 

processes of one time step given by Eq. (2-7), where QHOF and QSOF represent overland flow 

(hortonian and saturation excess, respectively), QSSF is interflow, QGWF is baseflow and QMELT 

represents direct runoff from ice- and snowmelt. 

(2-7) 

2.2 The semi-distributed Model WaBi 

Based on SASWET WaBi (WasserBilanz Model, German for water balance model) was 

designed during the work on this thesis. This model is even simpler and consists of only two 

storages. Like SASWET it is semi lumped in the sense that temperature driven processes are 

calculated on elevation levels. But unlike SASWET these levels have vertical differences of 

500 m. A flow chart of the model is illustrated in Figure 2-7 where interlaced fields signal 

elevation dependent model components. Input data required for the model are only mean 

precipitation in the catchment and information about the temperature in up to seven elevation 

levels, namely 250 m, 750 m, 1250 m, 1750 m, 2250 m, 2750 m and 3250 m a.s.l. These levels 

match the subdivision of elevation surfaces in the model allowing a direct use of temperature 

information without the need for interpolation between levels. 

The model can be considered as an “as simple as possible” approach to reproduce the long term 

(i.e. several years) water balance of a catchment or model area. To accomplish this, a temporal 

resolution of months is sufficient. However, since the model is applied to mountainous regions, 

snow and ice processes need to be calculated with higher temporal resolution. Although the 

2

4

6

8

SWE [%]

E
le

va
tio

n
 le

ve
l

0 50 100 150

DISTDON = 2 
DISTACC = 4 

without redistribution
equal distributed
linear decreasing
linear increasing



 

Hydrological Models 

20 

internal time step is days, the model output nevertheless is months. Altogether only five 

parameters are necessary to calibrate the model. These are listed in Table 2-3. 

Table 2-3: Parameters necessary to calibrate WaBi 

Parameter Description Units 

kone k-value of reservoir one mm-1 
ktwo k-value of reservoir two mm-1 
CTsnow degree day factor for simulating snowmelt mm °C-1 
CTice degree day factor for simulating ice melt mm °C-1 
CETP Coefficient to correct evapotranspiration [%] 

 

WaBi is used for the estimation of climate change impacts on the hydrological cycle in European 

regions in France, Germany, Switzerland and Italy together with an uncertainty analysis of the 

model parameters and the uncertainty caused due to the use of different climate models. 

 

Figure 2-7: Flowchart of the conceptual water balance model WaBi. Snow and ice processes are 

calculated using a temperature index method. Since air temperature changes inter alia depending on 

the elevation, processes depending on air temperature values are calculated upon 500 m elevation 

levels. These model components are interlaced. 

2.2.1 Evapotranspiration 

Since only temperature data is available for this study, ETP is estimated using the Thornthwaite 

method given by Eq. (2-8), where L is the day length in hours, N is the number of days in the 

month being calculated, Ta is the monthly mean temperature (0 if negative) and I is the heat 

index of the respective month. 
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1.6
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10
 (2-8) 

with 

6.75 10 7.71 10 1.792 10 0.49239 (2-9) 

and 

5

.

 (2-10) 

Evapotranspiration is draining reservoir one. As long as there is enough water stored in this 

reservoir, actual evapotranspiration is assumed equal potential evapotranspiration. 

2.2.2 Snow and ice 

Hydrological processes regarding snow and ice are calculated by a simple degree day method 

given by Eq. (2-11) where CT is the degree day factor (different for ice and snow), TAIR is the 

air temperature and TMELT is the threshold temperature above which melt occurs. Ice- and 

snowmelt is collected by reservoir two which may be interpreted as storage of the ice and snow 

cover. 

Glacier surfaces are derived from version 3.2 of the Randolph Glacier Inventory (Arendt et al., 

2012) and glaciers are treated as infinite ice storages. To account for deglaciation glacier 

surfaces are linearly reduced to zero below 3250 m a.s.l. until the year 2100. 

∆
, 0

T	 , 0 (2-11) 

Accumulation of snow in high elevations is problematic in WaBi as well as it is in other models 

using temperature driven melt models. To keep the model as simple as possible, snow situated on 

the highest elevation level (i.e. above 3250 m a.s.l.) is transferred to the subjacent level where 

temperature values relatively often rise above the threshold temperature allowing snow to melt.  

2.2.3 Runoff generation 

Discharge is simulated as the sum of the outflows of reservoir one and two, which are 

represented by linear storage concepts. Both reservoirs are parametrized using Eq. (2-12) with 

the respective k-values. Here h refers to the storage state of the respective reservoir. Inflow due 

to precipitation or melt (Qin) and subtraction of ETA are calculated before estimating the 

outflow.  
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1
 (2-12) 

2.3 The COSERO Model 

Contrary to the models already introduced, COSERO is a raster-based rainfall runoff model. A 

flow chart of the model components is given in Figure 2-8. Originally developed for modelling 

discharge of the Austrian rivers Steyer and Enns by Nachtnebel et al. (1993) it has recently been 

used for different purposed like climate change impact studies (e.g. Kling et al., 2014; Stanzel 

and Nachtnebel, 2010), investigating evapotranspiration processes in high alpine regions 

(Herrnegger et al., 2012) or operational flood forecasting (Stanzel et al., 2008). Besides that 

Herrnegger et al. (2014) used the model to estimate precipitation amounts on the basis of 

measured discharge rates. A detailed description of the model can be found in (Kling et al., 

2014a) who applied the model to several catchments in Africa, Australia and Europe but did not 

calibrate snow parameters. Therefore the snow processes are not described in detail by Kling et 

al. (2014a). 

 

Figure 2-8: Flowchart of the model COSERO (after Frey and Holzmann (2015)). Greyish components 

are treated on a (sub-)basin scale, white components are distributed based on a 1 x 1 km raster. 

For the presented study, the model was improved regarding the snow routine that, besides other 

small changes, has been extended by a snow redistribution routine (Frey and Holzmann, 2015). 
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A brief summary (based on the paper by Frey and Holzmann 2015) of the snow routine and the 

changes made is given in the following. 

2.3.1 Snow cover processes 

Numerous studies have shown that sub-grid variability of snow depths can be described by a two 

parameter log-normal distribution (e.g. Donald et al., 1995; Pomeroy et al., 1998). This 

distribution can be interpreted as a description of snow distribution processes taking place at 

scales smaller than the 1 x 1 km resolution used by COSERO, i.e. influence of curvature, shelter 

or vegetation (Hiemstra et al., 2006). According to Liston (2004) these may be caused by 

differences in the canopy density due to different species like evergreen gymnosperms or clear 

deciduous trees as well as by wind. The latter causes snow to be transported from the exposed 

side of ridges to their respective lee sides, depressions and vegetation covered areas (Essery et 

al., 1999). COSERO uses five snow classes per cell to approximate this lognormal distribution 

under accumulation conditions, i.e. snowfall is distributed log-normally into these snow classes. 

Each of these classes acts autonomously in the sense of melting, refreezing and sublimating. The 

following equations are solved for each snow class separately. Snow redistribution between the 

classes of one raster cell is not considered in the model. A scheme of the composition of a snow 

class is illustrated in Figure 2-10. The snow water equivalent (SWE) at a given time t of each 

class is calculated using Eq. (2-13), where PR and PS are liquid and solid precipitation, 

respectively, M is snowmelt and ETPS is sublimation of snow estimated by Eq. (2-14) where 

ETR is a factor that lowers the value of potential evapotranspiration (ETP). 

 (2-13) 

 (2-14) 

Sublimation is calculated for snow covered snow classes only. Hence, fully depleted snow 

classes enhance the evapotranspiration of a partly snow covered cell. Snow free snow classes 

may exist due to snow melt or predestination because of steep slopes. Slope angles greater than 

45° are considered unable to hold any snow (see e.g. Sovilla et al., 2010) and therefore are snow 

free regardless of the SWE in the total cell. In Figure 2-9 an example of partitioning a cell into 

five snow classes is illustrated for a mountainous region (Figure 2-9 a).  

The hatched parts in Figure 2-9 b) are assumed to be part of another raster cell and therefore do 

not take part in this description. The parts being snow free are steeper than 45° (reddish coloured 

area in Figure 2-9 b). These parts are recognized by the model by a pre-processing step (using a 

high resolution DEM in any GIS software). The model will round the fraction of steep areas to 

the next 20 % given by one of the five snow classes. Assuming these parts cover about 11 to 30 

percent of the area covered by the grid cell (assuming the viewer does not stand at the edge of 

the cell but somewhere inside and therefore does not have an overview about the entire cell) the 

model identifies one snow class to be not capable of holding any snow. Precipitation in the form 

of snow then is subdivided into the remaining four snow classes. In Figure 2-9 b) and c) the 
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reddish coloured class is not capable of holding snow. Snow therefore is subdivided into four 

classes in a log-normal distributed way. Figure 2-9 c) shows the log-normal distribution of snow 

depths (in mm SWE) between the four remaining snow classes. 

 

Figure 2-9: Determination of predestined snow free snow classes in COSERO. A mountainous area (a) 

is divided into raster cells. The hatched parts in b) are assumed to be part of another raster cell, the 

reddish parts are as steep or steeper as 45° and therefore are unable to be covered by snow. c) is a view 

of the raster cell covering the terrain of a) and b) where one of five snow classes is snow free. But c) 

also shows the log-normal distribution of snow depth between the four remaining snow classes. 

Dashed lines indicate the snow depths used by the model. Every class is composed in the way 

illustrated in Figure 2-10. Note that the log-normal distribution may be disrupted by melt processes or 

by redistributing snow to other raster cells. Dispersal between the snow classes of one grid cell does 

not occur. Photograph is own work. 

Snowmelt is calculated using a temperature index melt method. This method is more complex 

than both melting models implemented in the other hydrological models SASWET and WaBi. 

Snowmelt, computed by Eq. (2-15), not only depends on the degree day factor (CTA) and the air 

temperature (TAIRt) but also on an energy input by rain (ε). The temperature of rainwater is 

assumed to be equal the air temperature. Similar to SASWET, values of CTA describe a sine 

curve (Eq. 2-16) with the maximum and minimum on the respective solstices. In Eq. (2-16), JD 

is the Julian day of a year CTU and CTL are the upper and lower boundaries of CTA, 

respectively, and MRED is a reduction factor to account for the higher albedo caused by freshly 

fallen snow calculated by Eq. (2-17).  

;  (2-15) 

2
365 2 2

 (2-16) 

With 

,
1

5
,

 (2-17) 
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Where CSD is the critical snow depth of fresh snow in mm necessary to increase the albedo and 

SD is the actual snow depth of fresh snow in mm. For fresh snow depth larger than CSD, CTA is 

lowered to a reduced melting factor CTRED.  

Additionally, the model treats snow pack as a porous medium capable of holding a certain 

amount of water. This water holding capacity is dependent on the depth of the snow pack as well 

as its density ρ (see Eq. 2-18). Furthermore, liquid water stored in the snow pack may refreeze in 

the snow layer if the air temperature after a melting period again drops below the threshold 

necessary for inducing snowmelt. For the estimation of refreezing Eq. (2-19) is used, where SRP 

is the amount of refrozen water and CTN is a refreezing factor similar to the snowmelt factor 

CTA. Needless to say that the amount of refreezing water is limited by the amount of liquid 

water stored in the snow pack. 

 (2-18) 

1  (2-19) 

Fresh snow has a density that depends on the air temperature the day snowfall occurs. Its density 

is computed by a sigmoid function given by Eq. (2-20), where the minimum density (ρMIN) has 

the value 0.1 g cm-3. This value can often be found in literature (see e.g. Elder et al., 1991; 

Judson and Doesken, 2000) although some report lower values. The maximum density 

(ρMAX_NEW) of fresh snow is assumed to be 0.3 g cm-3, a value that is also used by SnowTran 

(Prasad et al., 2001). 

_
1

1 0.5  (2-20) 

With 

 (2-21) 

In Eq. (2-21) TAIRt is the air temperature at the given time step t, ρscale  scales the x-axis and 

Tscale scales the y-axis. Both ρscale and Tscale have fixed values. 

Once fallen, snow can reach higher densities. The settling of the snowpack is calculated by 

Eq. (2-22) (derived from Riley et al., 1973), where ρSET is the settlement constant, SWE is the 

snow water equivalent ρMAX is the maximum density of the snow pack and SH is the snow depth.  

2

1 2
 (2-22) 

The maximum density of the snow pack is estimated a priori. A value of 0.45 g cm-3 is assumed 

which matches the density reported by other authors (Jonas et al., 2009; Schöber et al., 2014). 
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Figure 2-10: Concept of the snow cover in COSERO (after Frey and Holzmann (2015), edited). Each 

raster cell consists of five snow classes (see Figure 2-9) each of which is composed in the shown way 

but acts autonomously regarding refreezing, melting and sublimating. Snow classes within one cell 

may differ in all properties but vegetation cover (Hv). 

2.3.2 Dealing with snow accumulation in high elevations 

Since COSERO uses a temperature index method for modelling snow melt, snow accumulates in 

high elevations, where air temperature values seldom rise above the melting temperature of 

snow. A redistribution routine was developed to prevent this behaviour. The development and 

testing of this redistribution has been published by Frey and Holzmann (2015). In the following, 

a brief summary is given of how the model works. Results can be found in chapter 6.3. 

Numerous authors reported the slope angle has an important influence on snow depths 

(Bernhardt and Schulz, 2010; Kirchner et al., 2014; Schöber et al., 2014). Since other 

geomorphological properties than slope angle influencing snow patterns are most important on 

scales smaller than the grid size of COSERO (1 x 1 km), slope was selected as driving force for 

the model. One has to be aware that this is a simplification and under realistic conditions snow 

might not necessarily be transported only on the steepest route (Bernhardt and Schulz, 2010; 

Winstral et al., 2002). The model redistributes snow from a given cell to its adjacent cell with the 

steepest (downward) slope. Uphill transport is not considered in the model. A scheme of the 

transport model is shown in Figure 2-11. Redistribution within the snow classes of one single 

cell is impossible. In the following, the cell distributing snow is referred to as donor cell the one 

receiving snow will be addressed as acceptor cell. If the snow depth of the donor cell (SHD) 

exceeds the threshold for vegetation (HV) snow redistribution is activated using Eq. (2-23). The 
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actual amount of snow being redistributed (SWEA) depends on the slope angle (α), the density of 

snow (ρt), the type of land cover of the donor cell and the snow depth on the donor cell. The 

model can be adjusted by the correction factor C. This is necessary to prevent unrealistic 

accumulation on (flat) grid cells that receive snow from more than one higher elevated grid cell. 

Less dense snow can be transported easier than wet, dense snow. If more than one neighbour cell 

features the same (steepest) slope, redistributed snow will be partitioned equally between the 

numbers of acceptor cells (A). The relationship between slope, snow density and redistribution 

given by Eq. (2-24) and is visualized in Figure 2-11. 

; 0
1
∑

 (2-23) 

With 

90
 (2-24) 

The routine is organized in the form of a loop starting at the highest cell in the catchment and 

ending at the lowest point. Consequently, snow cannot be transported uphill and transport of 

snow into already processed grid cells can be avoided. 

 

Figure 2-11: Relationship between slope angle, snow density and redistribution of snow.  

Transported snow is treated in the same way as fresh snow in the sense that it is distributed to the 

snow classes of the acceptor cell according to the log-normal distribution. Its density is estimated 

in dependency of the air temperature of the acceptor cell using Eq. (2-20). If the temperature of 

the air mass above the acceptor cell is higher than the melting temperature, redistributed snow is 

treated as liquid precipitation. 
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Figure 2-12: Conceptual snow accumulations in mountainous regions without (a) and with (b) 

considering lateral snow transport processes. Dotted blocks represent exaggerated snow accumulations. 

Applying the redistribution model snow is transported from the highest grid cell to its neighbour where it 

is treated like solid precipitation. From this grid cell a portion of snow gets transported to the downward 

neighbour again and so forth until either the terrain is too flat or snow depth do not exceed the threshold 

for vegetation (see Figure 2-10). Consequently less snow remains in the summit region whereas lower 

grid cells show enhanced accumulation. Underneath the melting level snow does not accumulate due to 

melting. This behaviour is sketched in the plots in both a) and b). Although snow depths in the summits 

are reduced due to redistribution, the amount of snow covered cells remains similar. 

COSERO and especially its snow module is indeed rich of parameters. This obviously enhances 

the problem of equifinality. To counteract such behaviour, some of the parameters are estimated 

a priori. Due to the study’s focus on snow processes only the snow relevant parameters are listed 

in Table 2-4. Note that the snow redistribution routine only adds two parameters (Hv and C) of 

which one is estimated a priori (Hv). All other parameters used in this module have already been 

established previously. 
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Table 2-4: Parameters used by the snow module of COSERO. While the model consists of many 

parameters, the majority of those used in the snow module are estimated a priori. Note that the snow 

redistribution model only adds two parameters of which one is also estimated a priori. 

Parameter Description Value  Units a 
priori 

ETR Factor reducing ETP to sublimation 0.3 - X 
CTU Upper bound of snow melt factor 4 - 7 mm °C-1 d-1  
CTL Lower bound of snow melt factor 0.5 - 3 mm °C-1 d-1  
CTRED Factor accounting for higher albedo 

caused by fresh snow 
0.7 - X 

WHCMAX Maximum water holding capacity of 
snow 

0.1 g cm-3 X 

WHCρ decrease of WHC with increasing 
snow density 

0.0015 1 g-1 cm3 X 

CTN Refreezing factor of liquid water in the 
snow pack 

 mm °C-1 d-1 X 

ρMIN Minimum density of snow 0.1 g cm-3 X 
ρMAX_NEW Maximum density of (freshly fallen) 

snow 
0.3 g cm-3 X 

ρMAX Maximum density of (already laying) 
snow 

0.45 g cm-3 X 

ρSCALE Scaling coefficient for estimating the 
snow density (Y-axis) 

1.2 - X 

TSCALE Scaling coefficient for estimating the 
snow density (X-axis) 

1 - X 

HV Threshold of vegetation or land cover 
holding snow 

See  
Table 5-5 

mm* X 

C Factor for adjusting snow 
redistribution 

0.2 - 3 -  

RAINTRT Threshold above which precipitation is 
considered as pure rain 

1 - 4 °C X 

SNOWTRT Threshold below which precipitation 
is considered as pure snow 

-1 - 0 °C X 

NVAR Variance for distributing new snowfall 
with a log-normal distribution 

0.5 - 1.5 - X 

* unlike the CT values HV has the dimension mm meaning snow depth not SWE  
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3 Site descriptions 

In Austria ten basins have been modelled using SASWET. The aim of modelling was to study 

possible impacts of climate change on the water balance and subsequently on the hydropower 

potential in these basins. The basins have been selected according to their relevance for the 

hydropower stations operated by VERBUND AG. Also the modelling of the five regions located 

in the Western Alps using the model WaBi was done in cooperation with VERDBUND AG. 

Since a simple snow redistribution model has been developed for the use in SASWET, this 

model has been tested in the catchment of Upper Salzach. Therefore this catchment is described 

in more detail than the other Austrian catchments. The work using WaBi had the aim of studying 

climate change impacts on the hydropower potential but in addition an uncertainty analysis of 

both the hydrological model and the uncertainties arising from the use of different climate model 

was done. In addition to the two climate change impact studies, a snow redistribution model has 

been developed for the use in COSERO. This model has been applied to the catchment of 

Ötztaler Ache in Tyrol, Austria. 

In the following the catchments modelled using the three hydrological models SASWET, WaBi 

and COSERO are described. Their hydrological characteristics can be found in chapter 4.1. 

3.1 Basins modelled with SASWET 

Ten catchments located mainly in Austria and Southern Germany are modelled with SASWET. 

Aim of the modelling was an estimation of influences of climate change scenarios on the water 

balance with respect to hydropower potential in these basins. An overview of these watersheds is 

provided by Figure 3-1 and a summary of their hydrological characteristics is given in Table 4-1. 

In Figure 3-1 the coloured borders refer to a clustering of the basins. The clusters attend to a 

classification to regionalize parameters found to non-explicitly modelled basins (see Table 3-1). 

This was part of a study done by the Institute for Meteorology of the BOKU but is not part of 

this thesis. The classification into five clusters is given by Table 3-1. Annual discharge values of 

these watersheds are illustrated in Figure 4-1 in the order of the clusters. Cluster one refers to 

row one, cluster two to row two and so forth. 
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Figure 3-1: Overview map of the ten catchments modelled using SASWET. Greenish colours refer to 

cluster 1, bluish colours to cluster 2, reddish are cluster 3, 4 and 5 are represented by violet and orange 

colours, respectively.  

Table 3-1: Classification of the basins into five clusters. (Modelled basins are marked with an asterisk) 

Cluster Basins  

Hill country (1) Kamp*, Rott* 
Alpine upland (2)  Gurk*, Isar, Mangfall, Mürz, Sulm, Traun, Vellach, 

Ybbs* 
Limestone Alps (3) Enns, Gail, Lech, Mur*, Saalach* 
Tauern (4) Drau*, Lower Salzach, Upper Salzach*, Sill 
Nival (5) Inn*, Isel*, Ziller 

River Isel is a tributary to river Drau. Both are modelled in this study. To avoid redundancy, the 

catchment of river Drau is modelled without considering the Isel watershed. Instead, model 

results from Isel are added to the results of Drau. 
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3.1.1 Case study of snow transport in the Upper Salzach basin 

In chapter 2.1.4 treatment of snow accumulation in high elevations is described. This procedure 

is applied to all Austrian catchments that are high enough for the problem to occur. However, a 

case study about the impact of this model routine is carried out in the basin of Salzach shown in 

Figure 3-2. 

 

Figure 3-2: Detailed look at the Upper Salzach basin until gauge Bruck (Frey and Holzmann, 2013, 

edited). This basin is location for the case study of snow redistribution in SASWET. 

3.2 Areas modelled with WaBi 

WaBi is used to model areas in Western Europe. These areas were chosen to cover the most 

important sites of hydro power plants with respect to the national states Germany, Switzerland, 

France and Italy. Hydro power sites need some gradient in elevation. Therefore they are located 

mainly in mountainous regions. The Alps provide such conditions. Modelled areas regarding 

Italy and Germany are located in the Alps. Additionally to the French basin of river Rhône, a 

modelled area located in the Massif Central was selected. Figure 3-3 presents a map and 

summarizes the geographic characteristics of the modelled regions. 

Discharge gauges where selected on the basis of available discharge data from the Global Runoff 

Data Centre (GRDC, 2013). While the modelled areas of river Rhine and Rhône match with the 

respective watersheds, the regions of northern Italy and Massif Central do not match a particular 

basin. Lake Como and Lake Maggiore with their respective outflowing rivers Adda and Ticino 

are used as proxy for the region of northern Italy. Gauges located downstream of lakes are 
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greatly influenced by the lakes acting as buffers. In the Massif Central, runoff gauges are located 

at the rivers Maronne and Tarn. To fit the model for the total region, the respective gauges have 

to be comparable. This is tested by the relative discharge in the respective regions.  

Figure 3-3: Model regions for estimation of hydro power potential of national states Germany, 

Switzerland, France and Italy. Runoff gauges are part of the Global Runoff Data Centre (GRDC, 2013). 

Similar to the Drau/Isel system in Austria, the catchment of lower Rhône depends on the basin of 

upper Rhône. Hence, lower Rhône is modelled by taking into account the model results from 

upper Rhône basin. Due to the temporal resolution of months and the travel time of water 

between both gauges being much shorter, no time shift between the two basins is necessary 

(Wagner et al., 1994). 

3.3 Ötztaler Ache modelled with COSERO 

The developed snow redistribution model implemented in the hydrological model COSERO is 

applied to the catchment of Ötztaler Ache, Tyrol, Austria. The outlet of the watershed at gauge 

Huben is situated in a forested region at 1185 m a.s.l., the highest peaks reach up to 3770 m a.s.l. 

Total area of the catchment is 511 km². Mean precipitation in the catchment is about 1300 mm 

per year. About 1160 mm are transformed to runoff, evapotranspiration is about 140 mm a year. 
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Based on the time series from 1979 to 2012 (BMLFUW, 2014), mean runoff (MQ) is about 22 

m³ s-1 while floods easily reach up to 70 m³ s-1 (HQ1). 

Glaciers cover about 19 % leading to an annual ice melt contribution of about 25 % of the total 

runoff at Huben, while 41 % of the discharge has its origin in snowmelt (Weber et al., 2010). 

Land-use characteristics are given in Table 3-2 and Figure 3-4 gives an impression of the basin. 

 

Figure 3-4: Catchment of Ötztaler Ache, Austria, after Frey and Holzmann (2015), edited. Due to the 

use of a 1 x 1 km grid, elevations differ from the one given in the text. Frequency distribution of slope 

angles derived from 1 x 1 km grid are shown (upper left). Slopes in general are steeper in the summit 

regions than in the valleys. However, glacier covered areas at the summits are rather flat. Note that 

instead of the average slope of a grid cell only steepest vertical gradients are plotted. For visualization 

of the catchment the freely available oe3d DEM (Rechenraum, 2014) was used. 

 

Table 3-2: Land-use in the watershed of Ötztaler Ache, Austria 

Land-use proportion [%] 

Build-up areas 1.2  
Pastures and meadows 20.9 
Coniferous forests 8.1 
Sparsely vegetated areas 20.9 
Bare rocks 29.5 
Glaciers 19.4 
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4 Available Data 

All studies in this thesis rely on the availability of meteorological input data and measured runoff 

at gauging stations. In addition, both the models COSERO and SASWET use spatial information 

on snow cover, provided by MODIS. Data regarding future climate scenarios are used by 

SASWET and WaBi. In the following the available data are described, beginning with the 

hydrological data provided by the Federal Ministry of Agriculture, Forestry, Environment and 

Water Management (BMLFUW) and the Global Runoff Data Centre (GRDC). Meteorological 

data are provided by the ZAMG (Austrian weather service) as well as by the EOBS network for 

the past and by combinations of Global and Regional Climate Models for the future. The study 

using WaBi additionally relies on data regarding generation of electric energy. These data are 

provided by ENTSO-E. The last topic in this chapter describes data regarding spatial extend of 

glaciers and snow cover. 

4.1 Hydrological Data 

In Austria, hydrological gauging stations are operated by the Federal Ministry of Agriculture, 

Forestry, Environment and Water Management (BMLFUW). These data are freely accessible via 

the internet in a temporal resolution of at least days and are referred to as eHYD data 

(BMLFUW, 2014). Outside of Austria, hydrological data are provided by the Global Runoff 

Data Centre in Koblenz, Germany (GRDC, 2013). In the following, both data sources are briefly 

described. 

4.1.1 eHYD 

The Federal Ministry of Agriculture, Forestry, Environment and Water Management provides 

hydrological data on river discharge, groundwater and surface water tables, water temperature 

and sediment transport in river systems. Besides that, several rain gauges are operated by the 

ministry. These data are accessible via the internet (ehyd.gv.at, accessed January 26th, 2015). 

For this work, data with temporal resolution of days were used. eHYD data were the basis of the 

modelling the Austrian basins with SASWET as well as for the case study in the catchment of 

Ötztaler Ache. 

4.1.2 Global Runoff Data Centre 

The GRDC provides data on discharge of about 9000 gauging stations around the world. While 

many stations solely provide discharge as monthly values, some provide daily discharge rates, as 

well. These data are free of charge but need to be ordered from the GRDC and are not available 

for commercial use. All European regions modelled with WaBi use data from the GRDC. 
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4.1.3 Hydrological characteristics of the Austrian catchments 

Table 4-1 gives an overview of the hydrological and meteorological characteristics of the ten 

catchments modelled with SASWET while the mean monthly runoff in these catchments is 

shown in Figure 4-1. Some statistics regarding runoff of the Austrian watersheds during the 

years 1996 to 2010 are given in Table 4-2. Here, Q5 and Q95 refer to discharge values being 

exceeded on 5 and 95 % of the days, respectively. 

Figure 4-1: Mean monthly discharge of the Austrian catchments (1996-2010). Note that the range of the 

y-axis differs between the figures. Column one refers to cluster one, column two to cluster two and so 

forth. For the clusters see Table 3-1. 

 

Table 4-1: Hydrological characteristics of the watersheds modelled using SASWET. Data regarding 

precipitation and evapotranspiration taken from (BMLFUW, 2007), discharge data from eHYD 

(BMLFUW, 2014). 

Basin Area 
[km²] 

Glaciated 
area [%] 

Altitude  
[m a.s.l.] 

Annual 
precipitation 
[mm] 

Annual 
ETA [mm] 

Mean Annual 
Discharge 
[m3 s-1] 

Rott 860 0 346 – 548 760 440 250 
Kamp 1535 0 219 – 1046 740 560 200 
Gurk 2554 0 396 – 2372 950 570 360 
Ybbs 1116 0 263 – 1841 1440 600 860 
Mur 956 0 938 – 3020 1200 400 780 
Saalach 1152 0 416 – 2818 1740 510 1200 
Salzach 1166 6.0 742 – 3609 1640 350 1360 
Drau* 4479 2.5 526 – 3649 1230 560 1100 
Isel 1197 6.9 674 – 3649 1330 260 1430 
Inn 5773 3.8 571 - 3900 930 230 880 

* includes the catchment of river Isel since this is a tributary to river Drau 
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The catchments in cluster one (for the clusters see Table 3-1) are dominated by pluvial types of 

runoff regimes. The higher the (mean) catchment elevation the more important are nival runoff 

generation processes. While the regime of river Gurk still shows characteristics of pluvial 

behaviour there are already signs of important snow processes. This is more emphasized in river 

Ybbs, which is of the same cluster as Gurk but is located on the northern side of the Alps. River 

Mur and Saalach are dominated by snow processes, yet there are no glaciers located in these 

catchments as are in the catchments of cluster four (Salzach and Drau) and five (Isel and Inn). 

Table 4-2: Statistical characteristics on runoff of the Austrian watersheds regarding the time series 1996 

to 2010. Q5 and Q95 refer to discharge values being exceeded on 5 and 95 % of the days, respectively.  

Basin Q5  
[m3 s-1] 

HQMAX 
[m3 s-1] 

MQ 
[m3 s-1] 

NQMIN 
[m3 s-1] 

Q95 
[m3 s-1] 

NQ to HQ 
ratio* [-] 

Rott 19 179.1 6.7 0.8 1.6 0.31 
Kamp 21.2 554.0 8.8 0.4 2.2 0.37 
Gurk 56.1 172.8 28.1 6.3 13.5 0.56 
Ybbs 81.6 682.5 31.5 4.9 9.9 0.42 
Mur 53.1 195.5 22.2 5.2 7.2 0.19 
Saalach 102.0 639.0 45.3 10.9 14.4 0.28 
Salzach 110.0 356.0 52.7 9.7 18.1 0.29 
Drau 275.6 693.8 127.9 29.8 47.5 0.29 
Isel 112.2 247.8 39.0 2.5 7.5 0.08 
Inn 404.6 1122.4 168.1 15.9 52.0 0.20 

* ratio is based on mean monthly discharge rates

4.1.4 Hydrological characteristics of the European catchments 

As previously stated, discharge information of European regions are provided by the Global 

Runoff Data Centre in Koblenz, Germany. To fit the hydrological model to the regions equipped 

with two gauging stations (Northern Italy and Massif Central in France) the discharge values of 

the respective gauges have to be comparable. Their relative runoff behaviours are shown in 

Figure 4-3. Mean monthly discharge values of the gauges located at Rhine, upper and lower 

Rhône are visualized in Figure 4-2. 
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Figure 4-2: Observed monthly mean discharge of the gauges at Rhine, upper and lower Rhône. Data from 

GRDC (2013). 

Although there are big differences in the absolute discharge of the French rivers Maronne and 

Tarn in the Massif Central, the dynamic of these two rivers is very similar. Both are influenced 

greatly by the oceanic climate with annual low flows in August. The two rivers in northern Italy 

are more complex, but, nevertheless, their dynamic is comparable. The peak discharge occurs in 

early summer (May to June) but a second maximum discharge exists in October. Both gauges are 

heavily influenced by their respective upstream lake. 

 

Figure 4-3: Comparison of the runoff behaviour of the rivers in the Massif Central (a, b) and northern 

Italy (c, d). a) and c) show specific discharge, b) and d) show relative discharge in the respective 

regions. Relative discharges signal that the runoff behaviour is comparable. Data from GRDC (2013). 
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4.2 Climatological Data 

Hydrological models need some meteorological input to calculate runoff at a given point in time 

and space. Most models need at least information about air temperature and precipitation at a 

certain temporal resolution. While liquid precipitation becomes runoff relatively fast depending 

on the runoff process, solid precipitation is stored in the catchment’s snow storage where it 

forms runoff with a significant delay. Temperature determines whether precipitation is treated 

liquid (i.e. rain or dew) or solid (i.e. snow or rime) and regulates – to some certain extent, 

depending on the model – snow melt behaviour. Furthermore, temperature influences 

evapotranspiration and sublimation. Both evapotranspiration and snow melt are influenced by 

global radiation.  

4.2.1 Meteorological data of the past and present 

In Austria, the Austrian weather service ZAMG (Zentralanstalt für Meteorologie und 

Geodynamik) provides meteorological data on a 1 x 1 km grid scale with a temporal resolution 

of up to 15 minutes. These data are referred to as INCA data (Haiden et al., 2011). Besides the 

data regarding precipitation, air temperature and global radiation, also information regarding 

wind (i.e. speed and direction) are available. However, in none of the models used in this thesis, 

wind is considered. The extent of the INCA data set shown in Figure 4-4 covers all Austrian and 

German catchments modelled in this thesis. 

Additionally, also outside that extent, meteorological data are provided by the e-obs data set 

(Haylock et al., 2008; Van Den Besselaar et al., 2011). These data have a spatial resolution of 

25 x 25 km and a temporal resolution of days. 

 

Figure 4-4: Extent of the INCA data set. All Austrian and German basins are covered by the extent. 

Meteorological data for the period of calibration and validation of the respective watersheds 

using the respective model was provided by the Institute of Meteorology of the BOKU 

(BOKU-Met) together with the data regarding future climatic scenarios described in the 
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subsequent chapter. The processed and corrected data for the period of calibration and validation 

for the Austrian basins where verified by data provided by VERBUND AG. The latter data were 

available for four distinct altitudes per basin and are based on the INCA data set as well. 

4.2.2 Meteorological data of the future 

Future climatic conditions are considered by the use of three regional climate models (RCMs): 

ALADIN (see e.g. Farda et al., 2010), driven by the global circulation model (GCM) ARPEGE 

(Déqué et al., 1994), REMO (e.g. Jacob et al., 2001) and RegCM3 (e.g. Pal et al., 2007), both 

driven by the GCM ECHAM5 (Roeckner et al., 2003). All three RCMs use the emission scenario 

A1B (IPCC, 2000) which can be treated as medium scenario (Kling et al., 2012) and provide 

data on a 25 x 25 km scale. By now, the IPCC has changed its future scenarios. No longer based 

on emissions, now a surplus of energy (W m-2) is used. According to Snover et al. (2013), A1B 

is similar to the new scenario RCP 6.0 by the end of the 21st century but predicts lower 

temperature values in the mid-century. As shown in Figure 4-5 A1B still is located within the 

range of climate change scenarios and therefore is still valid. 

Before RCM data can be used for hydrological modelling, they have to be corrected to remove 

an existing bias. In addition, the spatial resolution has to be refined. Both were done by the 

Institute of Meteorology of the BOKU and therefore will be described only briefly in this thesis. 

Bias correction was done using the e-obs data set and the output was scaled down to a resolution 

of 1 x 1 km using the INCA data set provided by the ZAMG. The first was carried out by using 

quantile mapping (Déqué, 2007). A detailed description can be found in Formayer (2011). 

 

Figure 4-5: Comparison of the “old” and “new” climate scenarios provided by the IPCC. Figure from 

Snover et al. (2013). 

A spatial comparison of the possible evolution of climate parameters is shown in Figure 4-6 for 

temperature and in Figure 4-7 for precipitation and a temporal course of all three drivers 

including shortwave radiation is illustrated Figure 4-8. REMO and RegCM3 are both driven by 

the same GCM. Thus, their change signals resemble each other in comparison to ALADIN. As 
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expected, all three climate models indicate similar behaviour regarding evolution of temperature 

whereas precipitation and shortwave radiation are highly uncertain. All three models are treated 

equally. A brief summary of the general trends is given in the following. 

4.2.3 Temperature 

Warming until the year 2030 can be expected to be about 1 °C, until 2050 mean annual 

temperatures will rise about 1.5 to 2 °C and will reach about 3.5 to 4 °C at the end of the 21st 

century. All three climate models indicate similar annual temperature trends. However, on the 

seasonal scale, ALADIN portends considerably higher warming rates in summer than REMO 

and RegCM3, while the increase of temperature in winter is indicated higher by these two 

ECHAM5 driven models (see Figure 6-29 and Figure A 10 to Figure A 18 in the appendix). 

Figure 4-6: Change in mean annual temperature by the climate models ALADIN (left), REMO 

(centre) and RegCM3 (right) for the periods 2011-2040 (top), 2036-2065 (centre) and 2071-2100 

(bottom). Figure from Frey et al. (2014).  

 

4.2.4 Precipitation 

By the end of the century both ECHAM5 driven models indicate a surplus of precipitation in the 

order of about 5 %, whereas ALADIN shows a decrease in annual precipitation in the same 

order. Thus, ALADIN can be referred to as dry, the other two models as wet model realizations. 

In addition, ALADIN portends a further decrease in summer precipitations than REMO and 

RegCM3 while differences in winter precipitation between the three models are less pronounced. 
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Figure 4-7: Change in annual precipitation sums by the climate models ALADIN (left), REMO 

(centre) and RegCM3 (right) for the periods 2011-2040 (top), 2036-2065 (centre) and 2071-2100 

(bottom). Figure from Frey et al. (2014). 

 

4.2.5 Shortwave radiation 

In general time periods of low shortwave radiation are attended by wet periods due to high 

cloudiness. Thus shortwave radiation signal follows the precipitation signal oppositional. At the 

end of the century RegCM3 shows an increase of global radiation during the summer months. 

However, in the annual mean no clear trend can be observed in any of the models. The mean 

annual values fluctuate in the order of about 5 %.  
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Figure 4-8: Evolution of temperature (top) on the 1000 m a.s.l level, precipitation (centre) and shortwave 

radiation (bottom) in the catchment of Salzach. These drivers are shown as five year moving averages. 

Similar behaviour can be found in all modelled basins. 

4.3  Defining reference period and future periods 

Results of climate change impact studies may vary according to the reference time period chosen 

to compare future scenarios to (e.g. Scherrer et al., 2006). The WMO (1959) stated, that for 

climate statistics time periods of at least 30 years should be considered. These time periods were 

defined by the WMO as standard normals (or climate normals) ranging from 1 January 1901 to 

31 December 1930, 1931 to 1960, 1961 to 1990 and 1991 to 2020 and so forth. In general, the 

last completed normal is considered as reference period. This means that the future scenarios 

would be compared to the standard normal 1961 to 1990. 

Some authors, including the WMO itself, suggested, that the WMO member states should update 

their climate normals every ten years (Arguez and Vose, 2011; Scherrer et al., 2006; WMO, 

1959). However, not all of the member states take that effort. Nevertheless, since this study was 

carried out rather at the end of the climate normal 1991 to 2020, the reference period is chosen to 

be the 30 year period from 1981 to 2010. All hydrological statements regarding future scenarios 

are based on that period. Consequently, future climate normals then are defined as the periods 
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ranging from 2011 to 2040, 2041 to 2070 and from 2071 to 2100. The period from 1951 to 1980 

is referred to as standard normal of the past. 

To compare future conditions, the reference period refers to the data of each RCM separately. 

Thus model results regarding ALADIN during the climate normal 2071-2100, for instance, are 

compared to the period 1981-2010 using ALADIN, too. 

4.4 MODIS snow cover information 

NASA operates two satellites equipped with optical sensors that are used for MODIS images. 

One is called TERRA, launched on December 18th, 1999, the other AQUA, launched on May 

2nd, 2002. Both operate in an orbit of roughly 700 km circling earth in 98 minutes with swath 

dimensions between 10 km and 2330 km at their nadir and cross track, respectively. Thus, the 

total surface of the planet is covered every one to two days. MODIS acquires data in 36 spectral 

bands of which the short-wave infrared bands are used for snow cover products on a 

500 x 500 m grid cell size. A detailed technical description can be found in Hall et al. (2002, 

2001a, 2001b). 

Its biggest source of errors is cloud cover. Other sources of errors are vegetation, especially 

forests. One has to be aware of these errors. However, while the error due to clouds is easy to 

numeralize, the vegetation based error is relatively hard to estimate. It is reported by several 

authors to be between 3 up to 20 % (e.g. Hall and Riggs, 2007; Simic et al., 2004) whereas 

higher error values occur in evergreen forests. 

A major limitation of the MODIS snow cover product is its binary nature. Only the occurrence or 

absence of snow can be detected but not the actual snow depth. 

Snow cover information is used by SASWET and COSERO. However different snow cover 

products are used in the respective study. The following passages describe these different 

products. 

4.4.1 Snow cover data used by SASWET 

In general, MODIS data are available since 2000. However in this part of this thesis, a snow 

cover product that was pre-processed by ENVEO IT GmbH on behalf of Verbund AG was used. 

Pre-processing included clipping MODIS images to the borders of the catchments and 

minimizing errors due to cloud cover. These data are available since 2003 and only in the 

respective period of ablation, i.e. from the end of December until the beginning of June. Once 

every week information of snow cover extent, cloud cover and snow free area per elevation level 

and catchment exist. 
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4.4.2 Snow cover data used by COSERO 

The watershed modelled using COSERO differs in its borders from any of the basins modelled 

by SASWET and therefore no pre-processed MODIS data are available. Thus, for this study, the 

8-Day L3 Global 500m Grid, Version 5 snow cover product (Hall et al., 2006) was used. By the 

spatial resolution of COSERO, MODIS information are not aggregated to elevation levels but 

remain in their native resolution. 

4.5 Data on glacier extent 

There are several data bases available holding information about glaciers in the Alps. In the case 

study in the Ötztal, glacier information from the Randolph Glacier Inventory Version 3.2 (Arendt 

et al., 2012) were used. This data base holds information about glacier surfaces around the world 

and is updated in regular time steps. Also in the study about the electric energy generation 

potential in European countries, glaciers were characterized using this source of data. 

For the Austrian basins, version 2 of the Austrian Glacier Inventory (Kuhn et al., 2013; 

Lambrecht and Kuhn, 2007) was used. This inventory holds information on the extent of glaciers 

between 1997 and 2002. 

4.6 Data on electric energy of national states 

The European Network of Transmission System Operators for Electricity (ENTSO-E) provides 

information on generation of electric energy in European countries since 1991 with a temporal 

resolution of months. In this data set the total amount of electric energy generated in a country is 

subdivided into the respective sources of energy, e.g. nuclear, hydro, coal et cetera. Hydropower 

itself again is subdivided into pump- and run-of-river power plants. However, it is not classified 

into dedicated power plants. These data are used to link runoff of overlapping regions to electric 

energy potential in national states using multiple linear regression analysis.  
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5 Calibration and Validation 

Conceptual hydrological models use at least some variables that cannot be directly linked to 

physical processes. These variables need some calibration in order for the model to be able to 

represent a certain objective, such as runoff. It should be noted that even physically based 

models and variables might need calibration (see e.g. Sahoo et al., 2006). In the following, 

calibration and validation of the different models in this thesis will be described and discussed. 

5.1 SASWET 

Meteorological data are available in the basins modelled with SASWET in the period from 1996 

to 2010. During that time discharge data are available, too. Calibration was done in the period 

from 1996 to 2005 followed by the validation in 2006 to 2010. Target of calibrating the model 

was runoff. However besides discharge, a good compliance with snow cover data provided by 

MODIS satellite images was part of the calibration procedure. A scheme of the calibration and 

validation process is given by Figure 5-1. 

Figure 5-1: Scheme of the process of calibration and validation used for the model SASWET. In a first 

step, snow relevant parameters are calibrated against MODIS data. This is done using Monte Carlo runs. 

After a validation the parameters found are fixed and the remaining parameters are calibrated using the 

software tool PEST. A constraint for the parameter set is the match of the water balance. If necessary, 

precipitation input may be adjusted by hand. Target of calibration is daily discharge (NSE, Nash-Sutcliffe 

model efficiency, Nash and Sutcliffe, 1970) as well as flow duration curves (RMSE, root mean squared 

error). For validating besides both NSE and RMSE, soft data are used: If the parameter set leads to 

obviously implausible runoff components, it is dismissed and calibration is done again using other 

starting points or/and parameter boundaries. 

While the model provides 28 parameters (see Table 2-1) some of these were excluded from the 

calibration process due to different reasons. These parameters not calibrated and the respective 
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reasons for that are listed in Table 5-1. Four of the 18 remaining parameters where used to 

calibrate the snow module. These were CTSNOW and CTAMP as well as the ones responsible for 

snow distribution, namely DISTDON and DISTACC. 

Table 5-1: Parameters in SASWET not being calibrated. 

Parameter Reason for not being calibrated 

radgrad physically predetermined 
tgrad data predetermined 
fage insensitive 
PSCRIT physically predetermined 
TSNOW physically predetermined 
TICE physically predetermined 
TSNOWAMP physically predetermined 
DISTSHAPE conceptually predefined 
PCOR used in pre-processing to match water balance data by BMLFUW (2007) 
CETP used in pre-processing to match water balance data by BMLFUW (2007) 

5.1.1 Calibration of snow relevant parameters 

Since the time period of calibration covers only two years of available MODIS data, snow cover 

was calibrated in the years 2003 to 2007 and validated in 2008 to 2010. Calibration was done 

using 100 000 Monte Carlo runs per basin (see Figure 5-1). Upper and lower boundaries of each 

parameter are given by Table 5-2. Objective function of the calibration was minimizing the root 

mean squared error (RMSE) of the snow cover predicted by the model with respect to MODIS 

data. Only the data set leading to the best model results during both the calibration and validation 

period was used for further modelling. 

Table 5-2: Boundaries of snow relevant parameters in the calibration using Monte Carlo runs. 

Parameter Lower bound Upper bound Additional restraints 

CTSNOW 1 9 
0.5 < CTSNOW + CTAMP < 9.5 

CTAMP 0.1 3 
DISTDON 1 Highest level in basin 

minus forest line 
DISTDON + DISTACC = Forest line 

DISTACC 1 

5.1.2 Calibration of the remaining parameters 

The remaining parameters were calibrated using PEST (Doherty, 2010), a software package for 

estimating parameters using different optimization algorithms. In this study, SCE-UA (Shuffled 

Complex Evolution – University of Arizona, see Duan et al., 1992) was used. SCE-UA is a 

global optimization algorithm designed for conceptual hydrological models. 
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Multi-objective functions allow the modeller to concentrate to more than one calibration target. 

PEST lets the modeller weight calibration objectives. This weighted multi-objective function is 

normalized to assure that all targets are of the same magnitude. Different objective functions 

were chosen depending on the parameters intended to be optimized. Massmann and Holzmann 

(2012a) pointed out, that dependent on different factors such as time scale, time period or flow 

conditions, different parameters are dominant. For instance, ground water recession is dominant 

under low flow conditions but rather unimportant during peak discharge. An overview of flow 

conditions to which each parameter was calibrated to and the respective objectives is given by 

Table 5-3. Quality criterion for the flow duration curve (FDC) was its respective rooted mean 

squared error. Thereby, only the values in between the 2.5 and 97.5 percentiles were taken into 

account. 

Table 5-3: Objectives for parameter estimation and flow conditions where parameters are important. 

Parameter Objectives Flow conditions 

  Low flow Rising limb Descending limb

kHOF NSE; FDC  x  
kSOF NSE; FDC  x  
kSSF NSE; FDC  x x 
kPERC NSE; FDC  x x 
kGWF RMSE; FDC x   
h1 NSE; FDC  x x 
h2 NSE; FDC  x x 
SPLITMELT NSE; FDC  x x 
CTice NSE; FDC  x x 
QCL NSE; FDC x  x 
QCU NSE; FDC  x x 
kAPI NSE; FDC x x x 
SQL NSE; FDC x  x 

SQU NSE; FDC  x x 

NSE = Nash-Sutcliffe Efficiency; FDC = Flow Duration Curve; RMSE = Root Mean Squared Error 

A prerequisite for calibration was that the model is able to close the water balance with its given 

input data. By use of the parameters PCOR and CETP for adjusting precipitation and potential 

evapotranspiration, respectively, this prerequisite could be achieved in all basins.  

Validation was done using the same quality criteria as for calibration. In addition, soft data based 

on personal expertise (see e.g. Seibert and McDonnell, 2002, 2015) were used to check whether 

calibration results in reasonable composition of discharge components. Soft data refer to 

reasonable runoff composition. A data set, for instance, leading to well model efficiency but at 

the same time leading to only surface flow would be rejected. 
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All Austrian basins were calibrated in the way described above. Only for the catchment of Upper 

Salzach, the procedure was different, since it was calibrated with and without considering snow 

redistribution. 

5.2 WaBi 

Since WaBi is not designed to reproduce discharge on a daily basis, it has been calibrated using 

long-time monthly mean discharge (see Figure 4-3 and Figure 4-2). Quality criteria were 

coefficient of determination (R²) for monthly runoff values and rooted mean squared error of the 

flow duration curve. All five parameters have been calibrated at once. Since available time series 

of discharge data are of different lengths, individual time windows for calibration and validation 

were selected for the European regions. These are given by Table 5-4. Monte Carlo simulations 

were done to study uncertainties of the model and compare them with uncertainties of climate 

models. Per basin, 500 000 runs were performed and the best 500, in terms of mean error were 

picked. 

Table 5-4: Available runoff time series and time windows used for calibration and validation of WaBi. 

Region/Basin Time series Calibration window Validation window 

Upper Rhône 1900 – 1976 1950 – 1961 1962 – 1972  
Lower Rhône 1920 – 1999 1950 – 1970 1971 – 1999  
Rhine 1891 – 2011 1950 – 1980  1981 – 2000  
Massif Central 1961 – 1996 1950 – 1970  1971 – 1996  
Northern Italy 1946 – 1994  1950 – 1970  1971 – 1996  

For linking runoff to the potential of generating electricity linear multiple regression on a 

monthly (mean) basis is performed, meaning that for every month a relationship between electric 

energy and runoff is estimated using Eq. (5-1), where the response EEs is the electric energy 

potential of a national state S, provided by ENTSO-E data, a is the regression coefficient and Q 

is simulated runoff of the respective overlapping region i out of the total amount of overlapping 

regions j.  

 (5-1) 

For further analysis only data on run-of-river stations are considered, since pumped storage 

power stations are more independent from hydrological conditions compared to riverine power 

stations. 
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5.3 COSERO 

COSERO was calibrated during the period from 2005 to 2008 using a Rosenbrock’s automated 

optimization routine (Rosenbrock, 1963). Target of the calibration was a good fit of runoff using 

the Kling-Gupta-Model-Efficiency (Gupta et al., 2009; Kling et al., 2012). Both calibration and 

validation have been done with and without using the snow drift module. In the following model 

A refers to the model using snow transport, whereas model B stands for the standard model. Like 

SASWET, parameters of COSERO were calibrated depending on the flow conditions where the 

respective parameter is important.  

Validation period was the years 2009 and 2010. Vegetation threshold values for snow detention 

were taken from previous studies (Liston and Sturm, 1998; Prasad et al., 2001). These are given 

by Table 5-5. For evaluation, besides runoff in the validation period, snow cover data from 

MODIS (8 day maximum snow cover, version 5) satellite images (Hall et al., 2002) were used to 

compare the performance of both the model with and without using snow redistribution. 

Table 5-5: Snow holding capacities of different land-use types taken from (Liston and Sturm, 1998; 

Prasad et al., 2001). Note that snow holding capacity has the dimension mm, meaning the actual snow 

depth, not SWE. 

 Build-up 
areas 

Pastures 
and 
meadows 

Coniferous 
forests 

Sparsely 
vegetated 
areas 

Bare 
rocks 

Glaciers 

Snow holding 
capacity [mm] 

100 500 2500 300 200 200 
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6 Results and discussion 

6.1 Calibration and validation 

6.1.1 SASWET 

Objectives of the calibration of SASWET were Nash-Sutcliffe model efficiency (hydrograph) 

and performance (RMSE) of the model regarding flow duration curves. Condoning possible 

equifinality of parameter sets, only one parameter set was selected per basin with which the 

further analyses were carried out. Figure A 1 in the appendix illustrates these parameter sets. All 

basins, with exception of Kamp and Rott, were calibrated using snow redistribution. The 

maximum altitude of Kamp and Rott is elevated as low as snow accumulation does not play any 

role. Influences and the importance of considering snow transport is discussed in the case study 

of the river Salzach basin in chapter 6.2. 

An overview of the model efficiency of SASWET in the Austrian catchments in terms of Nash-

Sutcliffe model efficiency (NSE) is shown in Figure 6-1 a), while the ability to reproduce the 

snow cover in the basins compared to MODIS data is shown in Figure 6-1 b). SASWET is able 

to reproduce the hydrological behaviour of all modelled watersheds. However, while giving 

good results in alpine catchments with steep slopes it has difficulties representing the rather flat 

catchments Rott and Kamp.  

The same accounts for the representation of the snow cover. It should be stated, that the basin of 

Rott is partitioned to only three elevation levels. Since the model does not account for processes 

on scales smaller than elevation bands, differences in the snow cover per elevation band in flat 

basins are weighted stronger than in steep ones. This leads to higher relative errors in the basin 

of Rott than it does in the catchment of Ybbs, for instance. 

Besides Nash-Sutcliffe efficiency, the ability of the model to match the flow duration curve was 

a criterion. As the model was not calibrated to reproduce the extreme runoff events – both low 

and high flows, duration curves were calculated on the basis of data in between the 2.5 and 97.5 

percentile. Figure 6-2 represents flow duration curves during both calibration and validation time 

periods. In general, model results regarding flow durations curves during both time periods are 

satisfying as well. Again, the model has difficulties to reproduce the characteristics of Rott and 

Kamp, though.  
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Figure 6-1: a) Nash-Sutcliffe model efficiency (Nash and Sutcliffe, 1970) in the period of calibration and 

validation regarding the hydrograph. b) Correlation coefficients as indicator for model efficiency 

regarding snow cover observed by MODIS. Due to the few measured data available regarding snow 

cover, correlation coefficients have been used instead of NSE.  

A jump in observed discharge of river Rott to lower values occurred in the summer of 2003 for 

unknown reasons. The gross of the calibration takes place before that date so the model is not 

able to reproduce the adjusted runoff behaviour in the validation period. Since this affects runoff 

in all ranges (high flows as well as low and medium flows) in the same way, the model anyhow 

is appropriate for climate change impact studies in this catchment. 

River Kamp is heavily influenced by barrages for hydropower plants (Reszler et al., 2008). Since 

the model only represents a hydrological view on a non-influenced watershed, this impedes the 

model to be calibrated to the influenced gauging station. However, biggest differences occur in 

the range of high flows. 

Similar model efficiencies regarding both NSE and compliance with flow duration curves as well 

as representing the snow ablation behaviour compared to MODIS could be achieved during 

calibration and validation in all basins. Hence, according to several authors (e.g. Bergström, 

1991) the model is not over-parametrized and it should be able to state hydrological condition of 

future scenarios. 



 

Results and discussion 

57 

Figure 6-2: Flow duration curves during the time period of calibration and validation for all ten basins. 

6.1.2 WaBi 

The coefficient of determination of mean monthly discharge rates was used as objective function 

on the one hand and RMSE of flow duration curves on the other hand. For the regions equipped 

with two gauges at different water bodies (i.e. Northern Italy and the Massif Central, France), the 

sum of both discharge time series (see Figure 4-3) was considered instead of only one of two 

gauging stations. The results of the calibration are part of the case study and therefore are 

presented and discussed in chapter 6.4. 

6.1.3 Calibration and validation of COSERO 

Since calibration of COSERO was part of the case study in the watershed of Ötztaler Ache only, 

the results are shown and discussed in the part of this particular case study. Here, only the 

efficiency of the model in terms of snow cover and discharge are listed in Table 6-1. 
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Table 6-1: Comparison of performances of model A (considering snow redistribution) and B (not 

considering snow redistribution) with respect to snow cover and runoff. For snow cover coefficient of 

determination (R²) was used, whereas Kling-Gupta-Efficiency (Gupta et al., 2009; Kling et al., 2012) was 

used for runoff. Note, that snow cover was not used as calibration criterion. 

 Calibration Validation 

 Snow cover 

(R²) 

Runoff 

(KGE) 

Snow cover 

(R²) 

Runoff 

(KGE) 

MODEL A 0.78 0.93 0.74 0.92 
MODEL B 0.70 0.88 0.66 0.90 

6.2 Case study of snow transport using SASWET in the Salzach watershed 

Snow distribution has an influence on the behaviour of a hydrological model. The results of 

snow redistribution in order to prevent snow accumulation in high elevations implemented in the 

semi lumped model SASWET are presented and discussed in the following. Here the model 

realization using snow redistribution will be referred to as model A whereas model B will stand 

for not considering snow drift. 

6.2.1 Discharge 

Using snow redistribution implemented into SASWET enables the model to lead to better results 

in terms of runoff than disregarding that process. Results regarding discharge of both models are 

given in Figure 6-3. Model A does not only predict runoff more precisely in terms of its 

efficiency (Nash-Sutcliffe) but is also able to match the water balance of the catchment more 

accurate (Figure 6-3b). A surplus snow in lower areas due to snow redistribution leads to higher 

runoff in the early melting season in spring. However, the additional discharge has its origin not 

only in snowmelt but also in enhanced glacier melt. Glacier melt is enabled solely if the 

overlaying snow layer is completely depleted. Figure 6-4 compares glacier melt by both models 

on daily basis and cumulated over year 2008. Note that since glaciers cover only 6 % of the 

catchment, 74 mm melt from glacier areas equals 4.3 mm glacier runoff with respect to the total 

catchment area. Less snow in the beginning of the melt season therefore leads to earlier glacier 

melt. Moreover, model B accumulates snow over years in higher altitudes and consequently 

glacier melt in these elevation levels is prevented completely. In total, model A predicts a surplus 

of discharge of 43 mm of which 10 % originate from enhanced glacier melt as illustrated in 

Figure 6-5. 
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Figure 6-3: Comparison of model A and B with observed specific discharge. a) Model B tends to 

underestimate runoff especially in spring while model A covers that period better. b) Model A is able 

to reproduce the water balance with higher precision.  

 

 

Figure 6-4: Comparison of model A and B with respect to glacier melt. Enhanced glacier melt due to 

earlier snow free areas leads to an additional loss of 74 mm in 2008. Note that glaciers cover only 6 % 

of the catchment area. 
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Figure 6-5: Cumulated differences in runoff and origin of these between model A and B. Model B 

leads to a snow accumulation of about 43 mm SWE compared to model A with respect to the whole 

catchment area. About 4.3 of these 43 mm in 2008 originate from enhanced glacier melt. 

6.2.2 Snow cover 

Since snow cover is one criterion in calibrating SASWET it is interesting how model A 

competes with model B with respect to MODIS data on snow cover and on accumulating snow 

in higher altitudes. The first is illustrated in Figure 6-6 for the same period as the comparisons 

with runoff in the previous chapter. 

 

Figure 6-6: Comparison of both models with MODIS satellite based snow cover data. Errors arise 

from cloud cover. According to the coefficient of correlation (R²) both models behave similar. 

Unfortunately, in summer where the main differences occur, no MODIS data are available for this 

work. Note that MODIS only can tell if there is snow but not how much. 

As mentioned before, MODIS data used for this study were pre-processed by ENVEO-IT GmbH 

and because of that are available during the ablation period only. Therefore model efficiencies 

can be calculated only during that period, too. Since clouds obscure the information about cloud 

cover, for comparison only dates have been selected where clouds cover less than 50 % of the 

catchment. In Figure 6-6 cloud obscuration is indicated by the error bars assuming that all cloud 
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covered area might be either snow free or snow covered (or something in between). The first 

case would mean, only the observed percentage of the catchment is snow covered, the latter, that 

snow covered area plus the clouds add up a maximum of 100 %. Of course, the error bars cannot 

reach below the observed snow cover extent of the catchment (if errors due to measurement 

uncertainties are neglected). 

Both models predict snow with similar accuracy with respect to MODIS data. The coefficient of 

correlation (R²) was calculated on the basis of the MODIS dates given in Figure 6-6 but with 

neglecting errors due to cloud cover. If accounting the possibility of cloud covered areas being 

covered by a snow layer, R² of both models would reach up to 0.95. However, more important 

than the coefficient of correlation with some few data points is the general shape of the ablation 

curve. Again, both models match that shape indicated by MODIS quite well. 

Due to the structure of the model using elevation bands and snow information of MODIS being 

binary, sudden drops and jumps occur in the modelled snow cover. If one or more of these 

elevation bands are close to the 0 °C line and either get little snow or lose the last bit of snow, 

the surface is accounted completely for being snow covered or snow free. This could be 

prevented using a smooth function for deciding whether a surface is fully snow covered, fully 

snow free, or covered by snow to some extent. This however would pretend a model accuracy 

that is not necessarily given. 

6.2.3 Snow accumulation 

Although there are no big differences in comparing both models to the binary MODIS data set, 

there are differences in the behaviour of accumulating snow in the high elevations. These 

differences are shown in Figure 6-7, where a) refers to model A and b) to model B. While model 

B leads to snow accumulations of up to roughly 16300 mm SWE in 15 years of modelling, 

model B does not show any accumulation behaviour throughout several years. If the amount of 

snow accumulated would be distributed over the whole catchment area, the area would be 

covered by roughly 41 mm SWE at the end of the modelled time series.  

However, in the realization of model A, snow does not melt completely every year. For instance, 

in the winter of 2005/2006, some 100 mm SWE remain in the peak region since that winter was 

colder than average (Förster et al., 2014; Ottaviani et al., 2010). 
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Figure 6-7: Snow accumulation in the upper 1000 m of the Salzach basin modelled with model A and 

model B. While using model A no accumulation throughout several years occurs (a), model B leads to 

snow accumulations of about 16300 mm SWE in 15 years of modelling (b).  

Furthermore, using model B, the higher the elevation the more snow accumulates, while model 

A does show contrary behaviour in the upper altitudes. That can be explained by the 

redistribution routine and the shape of the peak regions. Since the area of each of the elevation 

levels grows moving downslope, a certain snow depth (mm SWE) transported from a smaller 

surface and distributed to a larger one becomes lesser in depth. 

6.2.4 Conclusions and consequences for climate change impact modelling 

Using a classical snow melt approach only considering temperature, snow accumulates on 

elevation levels where temperature values scarcely rise above the threshold for inducing 

snowmelt. This accumulation amounts up to about 1100 mm SWE per year. Hence it does not 

only picture snow behaviour in an inaccurate way but also influences discharge. It could be 

demonstrated that this behaviour of the model can be prevented using a simple redistribution 

routine that leads to model efficiencies (NSE) that could be improved by 0.04 to 0.89. 

Differences between both model A and B on the water balance in 2008 are about 2.8 % in which 

model A leads to more discharge and being closer to the observed runoff. Roughly 90 % of that 

difference originates from snow being transported to lower and hence warmer regions. 

Furthermore, due to glaciated surfaces being cleared earlier from their overlaying snow masses, 

glaciers also react differently enhancing their amount of melt. Some of the glacier area does not 

even get snow free in the classical model approach and therefore does not take part in the 

ablation process. 
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Figure 6-8: Influences of snow redistribution on the accumulated runoff and snow accumulation 

behaviour. Discharge is shown as cumulated differences between model A and B, meaning that the higher 

the values, the more discharge is predicted by model A in comparison with model B. Snow accumulation 

is shown as the accumulated differences of the mean snow depth at the top 600 metres of Salzach 

catchment and is given in metres SWE. 

Given that knowledge it appears to be vital to account for snow redistribution when studying 

impacts of climate change on hydrological systems. This is fortified by Figure 6-8, where the 

influences of redistributing snow on the snow layer (mean of upmost 600 metres) and discharge 

over a time period of 150 years are shown for the realizations of the three used climate models. 

Differences in snow accumulation are large if climate conditions are similar to the conditions 

nowadays but decrease if the atmosphere is getting warmer. This may lead to an enhanced 

snowmelt in the second half of the 21st century that is caused from snow that is up to 100 years 

old and starts to melt because the temperature starts to rise above 0 °C on these altitudes more 

often. Consequently this leads to different runoff conditions. Relative deviations in runoff (25th, 

50th and 75th percentile) are given by Table 6-2. While deviations regarding low flows are rather 

negligible, the median and third quartile differs considerably. Until the second half of the 21st 

century, more runoff is generated by model A, in the last 30-year period, REMO and RegCM3 

lead to less runoff using model A due to the reasons discussed before. Differences are up to 4 % 

and therefore do considerably affect the results of the climate change impact study, where 

differences in runoff of about 6 to 18 % are reported. See chapter 6.5.4, especially Figure 6-37. 
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Table 6-2: Relative runoff deviations of the 25th, 50th and 75th percentile of model B in respect to 

model A. 

 ALADIN REMO RegCM3 

Percentile 25th  50th  75th  25th  50th  75th  25th  50th  75th  

1951-1980 0.0% 1.2% 2.8% 1.2% 1.1% 3.3% 1.2% 1.6% 4.3% 
1981-2010 0.0% 0.8% 3.3% 0.0% 0.9% 2.7% 0.4% 2.3% 3.8% 
2011-2040 0.0% 0.3% 2.4% 0.4% 1.6% 2.5% 0.0% 0.3% 4.1% 
2041-2070 0.0% 1.1% 1.6% 0.0% 0.6% 1.3% 0.4% 0.9% 1.4% 
2071-2100 0.4% 0.3% 0.2% -0.4% -0.3% 0.4% 0.0% -0.3% -0.4% 

 

6.3 Snow redistributing in COSERO – A case study in the Ötztaler Ache 

Snow accumulation in high elevated areas might be a problem when using temperature-only 

methods for estimating snowmelt as already shown in the previous chapter. However, since 

SASWET is not capable of taking processes into account that are important on a scale smaller 

than the elevation levels used in the model, it is of interest, how a raster based hydrological 

model can deal with this challenge. The results shown here are published in Frey and Holzmann 

(2015). This chapter therefore is based on said publication. 

6.3.1 Discharge 

Figure 6-9 shows a comparison of total discharge using model A and B at the gauge Huben for 

the year 2006. Both models result in similar quality criteria in the calibration as well as in the 

validation period (see Table 6-1).  

In spring, at the beginning of the melting season, more runoff is generated by model A due to a 

larger amount of snow in lower altitudes. Later in the year enhanced glacier melt is mainly 

responsible for higher discharge rates. Maximum differences in the mean daily discharges 

between the two models reach up to 2 mm d-1 (12.1 m³ s-1). This leads to a relative difference of 

minus 9 up to 44 % of model A in respect to model B. In total, model A generates about 300 mm 

more discharge in five years than model B (Figure 6-10). About 200 mm have their origin in 

enhanced snowmelt, while the remaining 100 mm originate in amplified melt of glaciers. 

Assigned to the glaciated area in the basin, this leads to an additional loss of 500 mm of glaciers. 

The reason for this is transport of snow in warmer altitudes and therefore no or less snow will 

remain on the glacier surfaces. This leads to earlier and more snow free glacier areas producing 

more runoff due to glacier melt (see Figure 6-10). 
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Figure 6-9: Runoff at the outlet at Huben is modelled with (model A) and without (model B) using the 

snow redistribution routine. In the early snow melt period, more runoff is generated by model A because 

snow accumulates rather in lower than in higher levels. In summer, enhanced glacier melt leads to more 

runoff by model A. 

 

 

Figure 6-10: Accumulated differences (model A minus model B) in discharge at gauge Huben. Using 

model B, about 300 mm SWE in five years are remaining in the catchment due to snow accumulation 

processes and less glacier melt. 
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6.3.2 Spatially distributed snow cover data 

Figure 6-11 compares model A and B with MODIS data. As well the accumulation period in 

winter as the ablation period in spring and summer are represented well by both models. This 

means that only little effect of the transport model can be noticed comparing model A and B with 

MODIS data and both models show similar model efficiencies (Figure 6-11).  

 

Figure 6-11: Snow cover in 2009 modelled by both model A and B compared with MODIS data. Error 

bars refer to uncertainties due to cloud cover. 

The reasons therefore lay in the threshold due to vegetation and roughness of the surface. 

Satellite based snow cover information by MODIS are binary and so is the model output for 

comparing these results. Even if snow is transported to other cells, a residual of snow remains on 

the donor cell. In a binary system, no difference can be distinguished between cells holding 

copious or little amounts of snow.  

6.3.3 Snow accumulation 

The main reason for developing a snow transport model was the prevention of “snow towers” – 

accumulation of snow over several years in high mountainous regions. Figure 6-12 presents 

model behaviour of model A and B with respect to the accumulation of snow in elevations above 

2800 m a.s.l. This elevation was chosen because here none of the models indicates snow 

accumulation for more than one year and therefore snow accumulation in lower altitudes is no 

problem. Similar behaviour could be observed in the watershed of Salzach River, even though 

this basin was modelled by a different model. After seven years of modelling, model B shows 

snow of approx. 2900 mm SWE in elevations above 3400 m a.s.l. whereas model A does only 

show little accumulation behaviour in these altitudes. The remaining accumulation is explainable 

by the neglect of processes regarding snow metamorphosis to ice. To include this however, the 

model would need a sophisticated glacier module including snow metamorphosis and movement 

of glaciers. Note that in Figure 6-12 only model results from 2005 to 2010 are shown while the 
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warm-up period is missing due to a better perceptibility. Therefore snow depth does not start at 

zero in the figure while it does at the beginning of the modelling.  

Figure 6-12: Behaviour of snow accumulation and melt of model A (a) and B (b) in the upper elevations. 

Model B leads to “snow towers” of approx. 2900 mm SWE in regions above 3400 m a.s.l. in seven years 

of modelling, whereas model A does not show such behaviour. On elevations lower 2800 - 3000 m a.s.l. 

neither model A nor B show accumulation behaviour. Note that model results are shown from 2005 to 

2010 without the warm-up period. 

While using model B, the higher the elevation the more snow is situated on. However, model A 

shows less pronounced and in some time periods even contrary behaviour in the upper altitudes. 

This is a result of the slope dependency of the distribution model that transports more snow 

towards greater slopes. Since mountains, in general, are steeper at their peaks and more flat in 

the lower parts, snow will preferably be transported from the peak cell over a steep slope to the 

adjacent cell which normally has a moderate slope to its downward neighbour. Subsequently, 

less snow is transported from this cell. This does reflect snow accumulations that can be 

observed in nature where peaks might be nearly snow free in spring while flatter parts are still 

covered by a snow layer. Figure 6-13 illustrates the spatially distributed net loss and gain of 

snow per cell during the time period of one year. While the raster cells covering peak regions act 

as donators only those cells located on slopes may receive and distribute snow at the same time. 

Valley regions only receive snow. However, due to the binary nature of MODIS data, the spatial 

snow depth distribution cannot be validated with observed satellite based data. 
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Figure 6-13: Net snow deposition in the catchment during the time period of one year. Negative values 

refer to a net loss, positive to a net gain of snow. Raster cells in the peak regions act as donor cells and do 

not receive any snow whereas lower cells may act as donor and acceptor in the same time. Note that, 

since only the net deposition of snow is shown, values cannot be linked to snow depths at the end of the 

time period. 

6.3.4 Parameter Uncertainty 

Although the model uses many parameters snow redistribution only adds two more: (i) the height 

of vegetation and surface roughness to determine the threshold for snow redistribution (Hv) and 

(ii) the correction coefficient (C). Hv is estimated a priori based on studies by other authors 

(Liston and Sturm, 1998; Prasad et al., 2001). Anyway, a model using many parameters 

necessarily suffers from equifinality issues. This issue cannot be overcome. Adding parameters 

on the one hand enhances this issue, but on the other hand by allowing the model to account for 

more processes may also make the model more robust (Gharari et al., 2014; Hrachowitz et al., 

2014). 

A Monte Carlo simulation was performed to study robustness and behaviour of model A 

compared to model B (Figure 6-14). Snow relevant parameters (CTU, CTL, NVAR, RAINTRT, 

SNOWTRT and the correction factor for snow redistribution C) were varied according to normal 

distribution. The parameters did vary in every grid cell separately. Both model A and model B 

were run with the identical parameter set. Model A not only leads to better model efficiencies 

regarding runoff but also seems to be more robust (Figure 6-14 a) and b)). In addition model A 

leads to less snow accumulation in the summit region. 
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Figure 6-14: Model efficiency regarding runoff (a, b) and snow depth in the summit region (c, d). A 

Monte Carlo simulation of 2000 runs was performed varying the parameters CTU, CTL, NVAR, 

RAINTRT, SNOWTRT and the correction coefficient for snow redistribution C. The input was generated 

according to normal distributed parameter distributions. The parameters did vary in every cell separately. 

Both model A and model B used the same parameter set per run. Model A clearly leads to better model 

results according both runoff and snow accumulation behaviour. It also seems to be more robust. Note 

that only the maximum snow accumulation in the summits (> 3400 m a.s.l.) is plotted in c) and d). 

The robustness of model A compared to model B needs more research. A possible explanation is 

that lower values for CTU and CTL are causing model B to perform worse due to snow 

accumulation issues whereas model A is capable of melting snow even when using low CT 

values. When applying high CT values both models lead to good efficiencies because also model 

B is able to melt snow in most of the cells. That makes model A less sensitive for the parameters 

CTU and CTL and allows to modeller to use more realistic values of these. The term realistic in 

this case refers to lower values. Based on the topography and the resulting radiation index, Kling 

et al., (2006) reported ranges for CTL and CTU of 1.2 to 2.2 and 2.0 to 3.0 mm °C-1 d-1, 

respectively, for Austria. Most modellers would use way higher values especially for CTU. 

6.3.5 Snow redistribution in larger catchments  

The smaller the portion of high altitude regions in a catchment compared to the entire area of the 

basin, the less important is snow redistribution for modelling runoff. The ratio of summit regions 

to total catchment size is usually smaller for larger catchments. The catchment of river Inn 

(gauge Oberaudorf at the Austrian-German border), for instance, covers an area of about 

10000 km² yet only 733 km² are located at elevations where intensive snow accumulations and 

mobilizations occur (above 2800 m a.s.l.). In the basin of the Ötztal 204 of 511 km² are located 

above 2800 m a.s.l. If model A is applied to the catchment of river Inn in five years of modelling 
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about 15 mm SWE (with respect to the entire river basin) remain in the catchment due to snow 

accumulation processes instead of 300 mm in the Ötztal. This may be the major reason why 

snow redistribution is often not considered in hydrological models on larger scales. 

6.4 Uncertainties in hydrological modelling – A case study using WaBi 

In this case study influences of model uncertainties of hydrological models are compared to 

differences between climate models. Since different climate models necessarily lead to different 

climatological data this may be interpreted as uncertainty originating from the side of climate 

modelling. The combination of both uncertainty sources lead to a combined uncertainty in 

climate change impact studies regarding hydrological response. Additionally, since this study 

was part of a project aiming towards an estimate of the hydroelectric power potential of the 

national states Switzerland, Germany, France and Ital, model results from the hydrological 

model WaBi are statistically linked to the generation of electric power in the those countries 

provided by ENTSO-E data (see chapter 4.6). Based on this statistical relationship the 

hydroelectric power potential under changing climate conditions can be estimated using the same 

ensemble of regional climate models as for estimating the impact climate change has on Austrian 

basins. 

Even though energy cannot be generated or produced but only transferred from one form to 

another, the terms of energy production or energy generation are commonly used in literature 

(e.g. Frey and Linke, 2002; IEA, 2014; Katsigiannis and Stavrakakis, 2014) and therefore will be 

used in this work as well. 

6.4.1 Calibrating the model to discharge 

Since the water balance model WaBi is a very simple model and therefore runs very fast (one 

model run over 150 years needs about 5 seconds), allowing to perform many runs within 

maintainable time, it is suitable for testing uncertainties of hydrological modelling versus climate 

model uncertainties. Each of the five regions upper and lower Rhône, Central Massif, northern 

Italy and the catchment of river Rhine was modelled using Monte Carlo simulations. The range 

of parameters was defined using the functions rnorm and rlnrom in the software R. Those 

functions generate random deviates from a mean value with given standard deviations. While 

rnorm uses a normal distribution, lrnorm uses a log-normal distribution. Normal distribution 

were used for the parameters CTsnow and CTice while kone, ktwo and CETP were generated using 

log-normal distribution. Standard deviations were set to one in the case of normal and to 0.25 in 

the case of log-normal distributions. Log-normal distributions were used to postpone the 

expected value towards the left side within the normal distributed parameter space. Mean values 

were predefined by manual model fitting and hence differ among the different catchments. Using 

only the mean and standard deviation has the advantage that no strict upper or lower boundaries 

are necessary.  
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The quantity of runs was chosen on the basis of density functions (see Figure 6-15) to be certain, 

that the density distribution of each parameter does not differ anymore when performing more 

runs. This was achieved at the stage of 500 000 runs. The best 1 ‰, i.e. 500 simulations, in terms 

of mean error were picked for further analysis. These are visualized in Figure 6-16. In general, 

the model is able to reproduce the annual hydrological dynamic of all regions leading to rather 

narrow uncertainty bands. Problems exist in winter and early spring of the basin of lower Rhône. 

One has to be aware that the lower Rhône strongly depends on discharge of the upper Rhône and 

that both (sub)basins are influenced by hydropower plants. The second basin, on which the 

modelled discharge differs from the observed, is northern Italy. As mentioned before, both 

gauging stations in northern Italy are located downstream of lakes. These lakes influence the 

hydrograph of the rivers by natural and anthropological reasons. The model however is not 

capable of considering lakes. This explains why the modelled discharge rises and falls earlier in 

the year than the observed discharge. Runoff in winter in the region of Massif Central is 

underestimated by all parameter sets. 

Figure 6-15: Densities of parameters for different sample sizes of Monte Carlo simulations for the 

catchment of river Rhine. No differences between 100 000 and 500 000 simulations can be observed. 
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Figure 6-16: Calibration results of WaBi performing 500 000 Monte Carlo simulations and visualizing the 

best 500 runs in terms of mean error (after Frey and Holzmann, 2014, edited). 

6.4.2 Climate change impact modelling 

The parameter sets (best 500 of 500 000) found in the calibration procedure were used to 

perform climate change impact analysis on annual discharge behaviour at the end of the 21st 

century. Every one of these calibrated model realizations was run using climate input from three 

RCMs ALADIN, REMO and RegCM3, the same RCMs used for the impact studies in Austria. 

This results in a total of 1 500 model realizations per region. Figure 6-17 shows the predicted 

runoff conditions in the time period 2071 to 2100 including uncertainties provoked by both the 

hydrological model and differences between the used RCMs. 

High uncertainties in predicting runoff for lower Rhône (Figure 6-17b) are caused by the 

hydrological input (discharge) from upper Rhône being insecure and the uncertainties of the 

basin of lower Rhône itself. As stated before, lower Rhône depends on the discharge of its 

upstream watershed. If two uncertain models are added up, the uncertainty of the total output 

will be higher. 

It should be noted that only one realization per RCM is used in this study. Similar to 

hydrological models, climate models are prone to parameter uncertainty as well. One parameter 

set of the RCM REMO for instance does not necessarily lead to the same climate signal as 

another parameter set. However, this was not considered in this study. 

 

40

50

60

70

m
m

 d
1

J F M A M J J A S N

Months

(a) upper Rhône

30

40

50

60

m
m

 d
1

J F M A M J J A S N

Months

(b) lower Rhône

0
10
20
30
40
50
60

m
m

 d
1

J F M A M J J A S N

Months

(c) Massif Central

60
70
80
90

100
110
120

m
m

 d
1

J F M A M J J A S N

Months

(d) Rhine

60

80

100

120

140

160

m
m

 d
1

J F M A M J J A S N

Months

(e) northern Italy

modelled
observed



 

Results and discussion 

73 

Figure 6-17: Runoff conditions at the end of the 21st century in the five regions (after Frey and 

Holzmann, 2014, edited). Uncertainties within the climate models are caused by the parameter sets found 

by the calibration procedure. High uncertainties in the basin of lower Rhône can be explained by the 

uncertainties of the input to the basin by the runoff from upper Rhône added to uncertainties from lower 

Rhône itself.  

6.4.3 Linking runoff to electric energy potential 

Based on the selection of model regions, electric energy potential for France is estimated using 

upper and lower Rhône as well as Massif Central, Germany is represented by the river Rhine 

only. The same accounts for Italy which is represented by the region of northern Italy. 

Switzerland is overlapped by the upper Rhône, river Rhine and northern Italy. The application of 

a multiple regression in the form of Eq. (5-1) implies a linear relationship between runoff and 

electric power generation. Turbines used in run-of-river power plants show an approximately 

linear relationship between river runoff and the energy they provide for a vast range of discharge 

(see e.g. Madani and Lund, 2009). Only close to the edges of the flow duration curve (e.g. high 

and low flows) this relationship is not valid anymore. Since runoff is modelled on the basis of 

monthly data, these extreme events are not included in time series of discharge which allows for 

applying linear regression. Nevertheless, other types of regression analysis have been tested 

including logarithmic and cubic functions as well as fourth degree polynomial functions. The 

best fit could be achieved using linear regression, though. Other fits are not shown in this thesis. 
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Figure 6-18: Linking modelled runoff in different regions to generation of electric energy in four 

European countries using multiple regression analysis. Correlations (R²) vary between 0.72 and 0.85 for 

France, 0.58 and 0.71 for Germany, 0.63 and 0.82 for Italy and 0.63 and 0.78 for Switzerland. 

In Figure 6-18 time series of modelled and observed data on electric energy generation are 

plotted. In general, a good estimation of electric energy generation could be achieved, 

whereupon results are more confident in France and Switzerland than in Germany and Italy. This 

can be explained by the number of overlapping model regions leading to a more accurate 

regression. In addition to that, electric energy generation of Germany is represented by the Alps 

only which is a vague simplification as a significant amount of power plants are located 

downstream of river Rhine and in the low mountain ranges in Germany. 

Given the good results in both calibrating WaBi and in transferring modelled runoff to electric 

energy generation it is possible not only to estimate runoff conditions under a changing climate 

but also to link these new conditions to electric power generation. This assumes however that no 

power plants are built or shut down since this would change the relationship between runoff and 

power generation. 

6.4.4 Estimating electric power generation in the future 

Using the relationships found by transferring runoff to observed power generation, future trends 

in generating electric energy are estimated. Again, these estimations are carried out for the 500 

model realizations of WaBi found to be the best during calibration. This allows for giving more 

detailed information about uncertainties in future electric energy generation than the use of only 

one parameter set for WaBi would allow. In Figure 6-19 uncertainties derive from (i) parameter 

uncertainties of WaBi and (ii) variability within the respective climate normal. Data basis of 
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Figure 6-19 is mean annual electric energy generation. Additionally the multiple regression 

method causes uncertainties as well. However, this was not considered in this study. 

Figure 6-19: Generation of electric power partitioned five climate normals. Boxes mark the first and third 

quartiles, whiskers represent 1.5 times these quartiles. Uncertainties originate from (i) the hydrological 

uncertainty due to the parameter set and (ii) the variability within the respective climate normal. Dashed 

lines mark the median levels of the realizations using the respective RCM during the reference period 

1981 to 2010. 

Uncertainties in France are greater than in the other countries. The reason for this is the 

catchment of lower Rhône. As discussed before, estimation of discharge in this basin is more 

uncertain due to the blurry hydrological input from its upstream basin (see Figure 6-17 and its 

discussion). 

In general, the potential of generating electric energy out of run-of-river stations will most likely 

decrease until the end of the 21st century. The realizations using both ECHAM5 driven RCMs in 

Germany however signal a slight increase of electric energy generation possibilities. 

Net generation of electric energy over the year does only picture influences of climate change on 

hydropower potential to a certain extent. Figure 6-20 pictures the situation of electric energy 

generation at the end of the 21st century for the respective countries on a monthly resolution (for 

other climate normals see Figures A 2 to A 5 in the appendix). In three of the four countries it 

may be the case that the average energy generation potential drops while in some seasons, 

particularly in winter, it may be possible to benefit from climate change. This is especially 

interesting, since the need for energy in general is higher in winter than it is in summer. 
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However, this might not be true for a warmer climate, when cooling plays a more important role 

than it does now (Hamlet et al., 2010).  

Figure 6-20: Average energy generation potential per month in the climate normal 2071 to 2100. 

Reference period represents the power generation averaged over both climate and hydrological model in 

the climate normal 1981 to 2010. 

6.4.5 Conclusions and outcomes 

In this study hydrological uncertainties have been compared to differences in miscellaneous 

climate models. Many parameter sets of a hydrological model may lead to similar model 

efficiencies. This finding of equifinality is not new, in fact is has been stated very often by 

several authors (e.g. Beven, 1993, 2001; McDonnell et al., 2007 amongst many more). The use 

of more than one parameter set allows statements about the uncertainties of the hydrological 

model. In this study, an ensemble of 500 model parameter sets per model region out of 500 000 

have been used for further analysis. Density distribution analysis of the parameter distribution 

shows that the count of 500 000 parameter sets is appropriate. The selection of the 500 best runs 

representing the best 1 ‰ of model realizations is somewhat subjective. However similar choices 

have to be made when using other uncertainty analysis methods like GLUE (Beven and Binley, 

1992). Using this set of parameter combinations leads to ranges of uncertainties in each model 

region in terms of (i) runoff and – in combination with multiple regression analysis – (ii) electric 

power generation in national states. Hereby a linear relationship between runoff in overlapping 

regions and generation of electric power of the respective countries is assumed. Good 
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correlations (R²) between discharge and electric power potential have been found ranging from 

0.58 to 0.85. 

Performing model runs using meteorological input data from different climate models shows that 

the hydrological uncertainties often are superimposed by differences between climate models. 

Similar results were found by Teng et al. (2012) for different structures of hydrological models 

applied to Australian basins. In general, two major outcomes may be stated on the basis of this 

(see Figure 6-17): 

(i) Uncertainties caused by the use of different climate models are higher than the 

uncertainty caused by the hydrological model. Using WaBi for climate change 

analysis on the monthly to annual scale therefore is limited by fuzzy climate data 

caused by the use of different RCMs. However, exactly that behaviour is wanted to 

cover a more realistic range, than the use of just one model would allow.  

WaBi indeed is a very simple model with only few parameters, however, for the use 

of representing annual discharge series it fulfils its needs. It should be stated that 

when using a more complex model, hydrological uncertainties may be greater, 

though. 

(ii) Although the use of three climate models covers a wide range in climate change 

impacts, some general behaviour can clearly be stated. Runoff in the cold season of 

the year is likely to be increased, while during the summer months a decrease in 

discharge has to be expected. Most distinct, this can be observed in the runoff of river 

Rhine and in northern Italy. Same accounts for the basin of upper Rhône, albeit 

differences are less pronounced. Due to the high uncertainties of lower Rhône for said 

reasons, clear statements are difficult. However, most model realizations signal a 

decrease in summer discharge. Different situation is in the region of Massif Central. 

In the reference period, runoff in summer is already close to zero (see also Figure 

6-16c), hence hardly any further decrease is expected or even possible. Only in winter 

to early spring there is a difference compared to the reference. But even here, models 

do not agree upon the direction of change. 

The main reason for changes in runoff is increasing air temperature. Snow melts 

earlier in the year leading to enhanced runoff in winter and thus to lower discharge 

rates in the summer months. The latter is amplified by shrinking glacier masses 

producing less melt water. Additionally, higher values of ETP occur in summer. 

 

Linked to the generation potential of electric energy production the results are affected by the 

uncertainties of the hydrological model as well as by both differences in RCMs and uncertainties 

caused by multiple linear regressions. The signal of climate change in most cases however is as 

strong as valid conclusions may be carried out. Mean annual power production potential drops in 

the majority of the study countries. Only in France are the uncertainties as big, as no clear 

statements are appropriate. However, even in this case a trend towards lower energy potential is 
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recognisable. Germany may, according to the realizations of both ECHAM5 driven RCMs, 

benefit from a changing climate. It needs to be stated, that the statistical correlation between 

runoff and energy production in Germany is the lowest. 

On the seasonal scale, the energy production potential of most countries will increase in winter. 

This is caused by less water being stored in the snowpack in the respective regions and 

subsequently higher discharge rates in winter. Even if total net annual energy production in a 

country decreases this country may benefit from higher energy production potentials in winter. 

The demand for energy is generally higher in winter. However, due to an increased demand for 

electric energy for cooling in summer as a result of higher temperatures, this may not be true for 

the future. 

6.5 Future discharge conditions in Austrian basins 

6.5.1 Can the hydrological model predict discharge in a changing climate? 

Often climate change impact studies using conceptual hydrological models are criticized for 

conceptual models would not be able to reproduce the hydrological behaviour of a watershed 

under changing conditions (Efstratiadis and Koutsoyiannis, 2010). The lack of feedback 

mechanisms is often named as main reason for that. However, if one assumes there already has 

been a change in climate since the 1950s and the model is able to reproduce runoff up to at least 

a certain extent, one can rely on the model for future scenarios. Due to the use of RCM data to 

reproduce the runoff behaviour in the past, it cannot be expected that the model is able to 

reproduce discharge on a daily basis with the same accuracy as it is during calibration and 

validation, though. For river Salzach, shown in Figure 6-21, the model produces monthly 

average discharge values close to the observed discharge. The use of ALADIN leads to generally 

lower discharge rates than the other two RCMs. While summer discharge values in general are 

rather underestimated by the model, runoff in autumn and early winter is slightly overestimated. 

Flow duration curves produced by the model realizations match the observed runoff in the 

greatest parts well. Only the high flows are underestimated by all models.  
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Figure 6-21: Comparison of observed and modelled discharge of river Salzach during the climate normal 

1951 to 1980 using meteorological input data of the RCMs ALADIN, REMO and RegCM3. Part a) of the 

figure represents monthly average discharge rates while the flow duration curve in b) is computed on the 

basis of daily discharge data. 

The results shown in Figure 6-21 for Salzach River are valid for other basins, too. The results not 

being as good as the results during the calibration and validation periods was expected for two 

major reasons: (i) data quality and (ii) anthropogenic caused structural differences (e.g. river 

dams) since the 1950s. 

(i) The model was run using meteorological input generated by RCMs. While these are 

able to reproduce long term characteristics of a catchment, they fail reproducing 

meteorological data on a daily basis even though they were bias corrected. 

(ii) The model was calibrated to the characteristics of the catchment in the time period 

1996 to 2006. Thus it represents the hydrological response according to these 

catchment characteristics. In the Salzach River basin, several hydropower plants were 

built in between the 50s and the 90s (e.g. Uttendorf I/II, Schneiderau, (ÖBB, 2015; 

Seefeldner, 1961)). In addition to that several other changes on the infra-structure like 

roads, railways etc. have been made since the 1950. Changes in the structure of a 

watershed influence its behaviour. However, the hydrological model is not able to 

react on these changes. 

Climate change does not only affect future climate but already has had impacts on climate 

conditions in the past. The WMO 1999 reported an increased temperature of 0.7 °C in the Swiss 

Alps in comparison to 1900 (WMO, 1999). The fact that the hydrological model is able to 

reproduce runoff under climatic conditions different to those when it was calibrated with good 

efficiency supports the theory that it is convenient for stating runoff conditions under further 

changing climatic conditions. However, the model cannot react to changes in the watershed that 

may arise due to land-use or structural buildings. A further constraint may be given by non-linear 

processes that may occur in a warming environment such as evapotranspiration processes. The 

lack of feedback mechanisms still exists, of course. Hence, the results presented in chapter 6.5 

and discussed in the following have to be seen under these restrictions.  
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6.5.2 Evolution of the annual amount of available discharge 

Looking at the evolution of annual runoff in the ten basins gives an estimate about the general 

trends in hydropower potential since runoff and the potential to produce electricity using 

hydropower are correlated. Figure 6-22 gives an overview of the evolutions in runoff in the ten 

study basins. Note that in Figure 6-22 the moving average over five years is shown which 

smoothes the curves eliminating extreme values. In most watersheds a decreasing trend in runoff 

can be observed during the last 50 years of the 21st century. ALADIN shows the most distinct 

trend whereas the other two RCMs show less pronounced trends and in some watersheds even a 

slight increase within the last decade of the century. 

Besides a possible decrease in runoff caused by decreasing precipitation, less water reaches the 

outlet of a basin due to increased evapotranspiration rates. Figure 6-24 shows both actual and 

potential annual evaporation rates during the modelled time of 150 years. 

 

Figure 6-22: Five year moving average of annual mean discharge in the ten basins. 
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Figure 6-23: Five year moving average of annual mean precipitation in the ten basins.  

 

Figure 6-24: Five year moving average of annual mean actual and potential evapotranspiration in the ten 

basins. Since the actual evapotranspiration in the model is a lumped state variable both ETA and ETP 

rates are areal weighted averages of the watersheds. 
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It is noticeable, especially in mountainous catchments, that rates of evapotranspiration in general 

did not start to rise before the year 2000 although values of air temperature increased since the 

start of the model period. The mean annual air temperature (area weighted) per watershed is 

given in Figure 6-25.  

 

Figure 6-25: Five year moving average of annual mean temperature in the ten basins.  

Regarding the rise of air temperature values, all three RCMs match each other predicting an increase of 

temperature of about 3.5 to 4 °C. Due to the noise of the precipitation signal, runoff on a yearly basis 

becomes noisy as well even when displaying the five year average. This enables statements about 

uncertainties but makes it hard to conclude long term trends. Figure 6-26 illustrates the relative changes in 

runoff in the respective climate normal compared to the reference period. Differences are calculated for 

each RCM separately. Using ALADIN the hydrological model estimates runoff in all basins and in every 

climate normal to be lower than during the reference period. The only exception is river Rott in the 

standard normal 2011-2040, but this positive signal is very weak. At the end of the century a decrease in 

annual runoff between roughly 12 and 35 % is indicated by ALADIN. In the same climate normal REMO 

shows differences between plus 10 and minus 9 % while RegCM3 covers a range from plus to minus 

10 %. Clear trends can be observed in the catchments that nowadays hold glaciers that will shrink 

significantly until the year 2100. These catchments are Salzach, Isel and Inn. Glaciated areas of the river 

Drau catchment, compared to the total area, are very small. The influence of glaciers in the water balance 

therefore is nearly negligible. In Table 6-3 relative shares of snowmelt and, for glaciated basins also ice 

melt, are listed.  

Table 6-4 shows absolute shares. In most basins, snowmelt and ice melt, if present, decreases 

until the year 2100. Exceptions are the nival basins Inn and Isel. In both catchments the low of 
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glacier melt occurs in the period 2041 to 2070. During the last climate normal, ice melt is 

enhanced again but stays below the level of the reference period. Relative shares of ice melt are 

higher at the end of the century compared to the reference, though. For detailed results and 

discussion regarding glaciers see chapter 6.5.3. 

Figure 6-26: Evolution of annual discharge in the ten study basins. Reference period is 1981 to 2010 of 

the model realization using the respective RCM data. In most of the basins a clear trend towards lower 

discharge rates at the end of the century can be observed. 
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Table 6-3: Evolution of relative share of snow and ice melt (in brackets) in the studied basins. 

 Relative share of runoff components snow and ice melt [%] 

Catchment 1951-1980 1981-2010 2011-2040 2041-2070 2071-2100 

Rott 16.6 15.7 14.3 13.4 8.7 
Kamp 27.7 22.5 21.1 19.1 15.7 
Gurk 12.9 12.1 11.2 10.0 8.1 
Ybbs 23.2 22.6 21.7 20.3 17.0 
Mur 29.1 30.2 28.3 28.7 27.5 
Saalach 25.7 25.3 24.7 22.9 19.9 
Salzach 29.5 (7.7) 29.0 (8.3) 27.5 (8.2) 25.9 (7.2) 24.4 (3.4) 
Drau 26 (0.7) 25.3 (0.9) 23.3 (0.7) 20.9 (0.6) 19.4 (0.3) 
Isel 31.2 (5.5) 31.5 (6.2) 30.0 (5.8) 28.2 (5.4) 26.8 (6.9) 
Inn 38.0 (9.9) 38.1 (11.1) 36.9 (11.0) 35.0 (10.4) 33.8 (12.4) 

 
 

Table 6-4: Evolution of absolute share of snow and ice melt (in brackets) in the studied basins. Note that 

only the share of melt that leads to direct runoff according to the parameter SPLITMELT is shown.  

 Absolute share of runoff components snow and ice melt [mm a-1] 

Catchment 1951-1980 1981-2010 2011-2040 2041-2070 2071-2100 

Rott 45.1 40.2 38.6 31.1 21.5 
Kamp 49.7 45.2 43.2 32.7 27.7 
Gurk 57.8 51.5 46.3 37.5 29.6 
Ybbs 328.4 313.8 291.3 242.4 208.8 
Mur 344.8 341.7 303.2 269.2 247.5 
Saalach 430.6 404.8 378.1 312.0 271.8 
Salzach 446.2 (148.1) 429.5 (159.0) 393.2 (151.3) 328.0 (116.4) 301.4 (48.5) 
Drau 359.8 (11.5) 340.3 (11.9) 312.1 (10.3) 258.3 (7.4) 231.7 (4.2) 
Isel 405.5 (111.5) 388.7 (118.6) 359.7 (106.4) 305.9 (84.9) 283.3 (103.7) 
Inn 425.9 (140.0) 402.9 (149.9) 375.3 (138.0) 316.5 (108.4) 289.5 (114.9) 
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6.5.3 Decrease of glacier areas 

As described above, glaciers are not modelled fully dynamically in the sense that accumulation 

and ablation as well as ice flow is considered. In a semi-lumped model as SASWET this is 

hardly possible, since the model has no information about the three dimensional shape of each 

and every glacier. It only considers glaciers as elevation bands (according to the Austrian Glacier 

Inventory). To account for glacier retreat in a warming climate, the glacier surfaces are reduced. 

Figure 6-27 shows the extent of glaciers in the four glaciated watersheds in the year 2000, 2050 

and 2100 per elevation level. The same colour coding for the three points in time is used in 

Figure 6-28, where the spatial extent of Austrian glaciers is shown. While large areas are 

becoming free from ice cover until 2050 the further reduction of glaciers until the year 2100 is 

less. In the model, glaciers are starting to retreat in the year 1990. Hence, until 2050 glaciers 

have been retreating for 60 years, 10 years longer than the remaining time to 2100. Since the 

reduction is linear, a larger share has been depleted in the first time period than in the second. 

 

Figure 6-27: Glacier extent with respect to the elevation in the year 2000, 2050 and 2100. Deglaciation is 

not modelled explicitly but is predetermined by the model. Until the end of the 21st century, glaciers 

below 3000 m a.s.l. will be fully depleted (see chapter 2.1.3).  
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Figure 6-28: Spatial extent of glaciers in the Austrian Alps at the year 2000, 2050 and 2100. Only in elevation above 3000 m a.s.l. glaciers are existent at the end 

of the century. Since the model only accounts for elevation bands, deglaciation also happens on those bands. Hence, in this figure the elevation levels still 

holding glaciers in the respective year are plotted. 
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6.5.4 Seasonal variations and impact to hydroelectric energy resources 

Besides the general trends in annual discharge, changes in seasonal runoff behaviour are of great 

importance for estimating influences on the energy generation potential. Even if the total amount 

of annual discharge decreases until the end of the 21st century, the energy production potential 

does not necessarily do the same. At both extreme ends of the flow duration curve, i.e. droughts 

and floods, the relationship between runoff and electricity generation is not linear. At high flows, 

the drop height of run-of-river station diminishes due to a higher water table on the downstream 

side of the station. In addition, if the water table reaches a certain level, the dams of run-of-river 

stations are overflown reducing the efficiency of the plants. In times of low flows, turbines suffer 

the loss of efficiency rapidly (Vinogg and Elstad, 2003). The discharge rate of 1.5 times the MQ 

(MQ1.5) and the discharge that is exceeded on 330 days per year (Q330) are considered critical 

for the energy production to drop. 

If the periods with extreme runoff conditions are getting less, the electric power potential might 

rise. On the other hand, if extreme events occur more often, the potential for generating electric 

energy from hydropower will decrease even if the total annual discharge may be higher in future. 

In Figure 6-30 to Figure 6-39 seasonal variations in discharge are illustrated along with the 

relative annual differences and the share of snow and ice melt for all ten basins and for the 

climate normal 1981-2010 (a), 2011-2040 (b), 2041-2070 (c) and 2071-2100 (d). The period 

1951-1980 is missing for clarity reasons. It is important to note that only direct runoff from snow 

and ice is plotted in these figures. Only the minor part of melt becomes direct runoff, the major 

share infiltrates into the soil and is treated equal to rainfall. Direct-runoff-to-infiltration (DRI) 

ratios are given in Table 6-6 for all basins. This ratio accounts for both ice and snowmelt.  

Figure 6-40 compares the actual evaporation in the reference normal with the one at the end of 

the 21st century. Flow duration curves including mentioned characteristic discharge measures 

MQ, MQ1.5 and Q330 are shown in Figure 6-41 for all basins for the standard normal 2071 to 

2100. These characteristics are listed in Table 6-5 as well. For flow duration curves regarding 

other standard normal (excluding the reference period) see Figure A 6 to Figure A 8 in the 

appendix. 

Since the discharge at the outlet of a watershed is the hydrological response of meteorological 

input in the respective basin it is important to survey climatological data as well. For river 

Saalach, these data are shown in Figure 6-29.  
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Figure 6-29: Monthly changes in climatological data compared to the reference period (1981-2010) for 

the catchment of river Saalach. Both ECHAM5 driven RCMs show similar behaviour in precipitation and 

temperature while precipitation drops drastically during the summer months and air temperature rises 

more extreme in the summer using ALADIN. Only little similarity regarding global radiation between the 

RCMs is observable (e.g. the peak in July). 

While RegCM3 and REMO (Figure 6-29) show similar behaviour as well in precipitation as in 

air temperature, ALADIN differs. Both ECHAM5 driven RCMs signal an even rise of air 

temperature over the year, ALADIN indicates a massive decrease of precipitation along (minus 

60 to 70 mm) with a high increase of air temperature (roughly 5 K) during the summer months. 

In winter, however, temperature levels in ALADIN rise less than in both other RCMs. Hence, 

ALADIN can be considered as being the driest RCM and being warm summer, cold in winter. 

Changes in mean daily global radiation vary between +60 and -40 W m-2 d-1. Greatest changes in 

both directions occur during the summer months. Only little similarity to the different RCMs can 

be observed. 

The evolution of climate in the other catchments is comparable, with some differences, to the 

catchment of Saalach River. Thus the data of the other basins are shown in Figure A 10 to Figure 

A 18 in the appendix. In general, RegCM3 signals the largest differences in global radiation. No 

clear trend towards higher or lower changes regarding altitude or geographical position (i.e. 

northern or southern side of the Alps) occurs. The same accounts for precipitation and for air 

temperature. 
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Figure 6-30: Seasonal and annual variation and share of snow on the runoff in the catchment of river Rott 

in the hill country. Components are given as mean over all three RCMs. 

Figure 6-31: Seasonal and annual variation and share of snow on the runoff in the catchment of river 

Kamp in the hill country. Components are given as mean over all three RCMs. 
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Figure 6-32: Seasonal and annual variation and share of snow on the runoff in the catchment of river 

Gurk in the alpine upland on the south side of the Alps. Components are given as mean over all three 

RCMs. 

Figure 6-33: Seasonal and annual variation and share of snow on the runoff in the catchment of river 

Ybbs in the alpine upland on the north side of the Alps. Components are given as mean over all three 

RCMs. 
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Figure 6-34: Seasonal and annual variation and share of snow on the runoff in the catchment of river 

Saalach in the limestone Alps. Components are given as mean over all three RCMs. 

Figure 6-35: Seasonal and annual variation and share of snow on the runoff in the catchment of river Mur 

in the limestone Alps. Components are given as mean over all three RCMs. 
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Figure 6-36: Seasonal and annual variation and share of snow on the runoff in the catchment of river Drau 

in the Tauern region. Snowmelt adds up to ice melt. Components are given as mean over all three RCMs. 

Figure 6-37: Seasonal and annual variation and share of snow on the runoff in the catchment of river 

Salzach in the Tauern region. Snowmelt adds up to ice melt. Components are given as mean over all three 

RCMs. 
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Figure 6-38: Seasonal and annual variation and share of snow on the runoff in the catchment of river Isel 

in the nival region of the Alps. Snowmelt adds up to ice melt. Components are given as mean over all 

three RCMs. 

Figure 6-39: Seasonal and annual variation and share of snow on the runoff in the catchment of river Inn 

in the nival region of the Alps. Snowmelt adds up to ice melt. Components are given as mean over all 

three RCMs. 
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Figure 6-40: Comparison of monthly actual evapotranspiration within the reference period and the climate 

normal at the end of the 21st century. Changes occur mainly during the summer months and are greater 

the higher the maximum elevation of the catchment. 

 

Table 6-5: Essential hydrological characteristics of the study basins at the end of the modelled time series. 

MQ1.5 refers to 1.5 times the MQ and is given in days the runoff exceeds that value. In brackets are 

MQ1.5 values during the reference period (MQ1.5REF). Q330 refers to days the runoff exceeds the value, 

that was Q330 during the reference period. MQ is given in relative difference to the respective value 

during the reference period which is given in the brackets (MQREF).  

Basin MQ1.5 [Days] Q330 [Days] MQ [% (m3 s-1)] 

 
RCM1 RCM2 RMC3 RCM1 RCM2 RCM3 RCM1 RCM2 RCM3 

Rott 48 (47) 58 (47) 60 (47) 231 306 297 -17 (6) +3 (6) +3 (6) 
Kamp 12 (27) 34 (27) 29 (27) 136 226 203 -38 (8) -13 (8) -13 (8) 
Gurk 24 (44) 36 (44) 33 (44) 227 288 284 -26 (31) -26 (31) -10 (31) 
Ybbs 52 (64) 65 (64) 70 (64) 249 288 302 -18 (39) -5 (39) 0 (39) 
Mur 44 (75) 68 (75) 54 (75) 304 351 335 -18 (28) 0 (28) -7 (28) 
Saalach 45 (68) 58 (68) 57 (68) 285 329 326 -18 (50) -4 (50) -4 (50) 
Salzach 31 (69) 31 (69) 32 (69) 281 334 330 -16 (49) -10 (49) -12 (49) 
Drau 36 (46) 51 (46) 39 (46) 295 348 334 -11 (131) +2 (131) -5 (131) 
Isel 66 (94) 67 (94) 58 (94) 319 354 353 -12 (43) -7 (43) -9 (43) 
Inn 28 (82) 45 (82) 36 (82) 327 353 347 -14 (160) -10 (160) -13 (160) 

RCM1 = ALADIN; RCM2 = REMO; RCM3 = RegCM3 
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Figure 6-41: Essential hydrological characteristics of the study basins at the end of the modelled time 

series plotted along the flow duration curves. MQ1.5 refers to 1.5 times the MQREF. Q330 refers to days 

the runoff exceeds the value, that was Q330 during the reference period (Q330REF). Dashed lines highlight 

the discharge rates of MQ during the reference period (black) and at the end of the century. Vertical bars 

indicate the shift in the frequenties of exceedance.  

 

Table 6-6: Direct-Runoff-to-Infiltration (DRI) ratios accounting for ice and snowmelt for all ten basins. 

These are equal to the parameter SLPIMELT. 

Basin DRI Ratio Basin DRI-Ratio 

Rott 1:5 Mur 1:2.2 
Kamp 1:6.5 Salzach 1:3.7 
Gurk 1:6.3 Drau 1:2.2 
Ybbs 1:2.2 Isel 1:3.9 
Saalach 1:2.0 Inn 1:2.7 
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According to similarities in runoff behaviour (e.g. runoff regime, glacier extent, etc.) the 

Austrian basins have been arranged in five clusters. The aim was to regionalize the results found 

in the hydrological modelling to other basins of the same cluster (see chapter 3.1). This 

regionalization however is not part of this thesis. The results according to these clusters are 

described in the following. 

Cluster One – Rivers Kamp and Rott 

Both river Rott and Kamp (see Figures 6-30 and 6-31, respectively) do not change their general 

runoff characteristics. Even though their maximum altitude is only 1046 and 548 m a.s.l., 

respectively, snowmelt behaviour changes. While the time period of snowmelt does hardly 

change, the amount of snowmelt decreases. Changes in runoff therefore are caused by changing 

snowmelt, precipitation and by increased evapotranspiration. The latter, however, does not 

change as greatly as it does in other catchments due to enhanced water scarcity opening the gap 

between actual and potential evapotranspiration in a warmer climate (see Figures 6-24 and 6-40). 

By the end of the 21st century, the MQ of Kamp drops about 13 – 38 % and river Rott carries up 

to 17 % less water. However, realizations of REMO and RegCM3 signal a rise in the MQ of 

3 %. Subsequently the MQ1.5REF of river Kamp is exceeded at 12 to 34 instead of at 27 days. At 

138 to 229 days runoff dips below the Q330REF. The discharge of river Rott exceeds MQ1.5REF at 

48 to 60 instead of at 47 days and dips below the Q330REF at 59 to 134 days.  

One has to keep in mind that the hydrological model efficiency in both catchments is relatively 

low causing a high degree of uncertainty in comparison with the other watersheds. Especially in 

river Rott great floodings occur whereas the baseflow is very low. These floodings cause an 

unsteady runoff regime. 

Cluster Two – Rivers Gurk and Ybbs 

A slight change in runoff behaviour of the rivers Ybbs and Gurk (Figures 6-32 and 6-33, 

respectively) can be noticed in the form of increasing winter runoff and at the same time 

decreasing runoff in summer. This change is primarily caused by enhanced evapotranspiration 

and earlier and less snowmelt. In addition the period of snowmelt is getting shorter. 

Evapotranspiration however is more important in river Ybbs than it is in river Gurk, where the 

actual evapotranspiration only barely rises. In the case of river Ybbs, a change in the runoff 

regime from nival to nivo-pluvial can be observed.  

Mean discharge (MQ) changes in river Ybbs of about plus 0.4 to minus 18 %, river Gurk on the 

south side of the Alps carries around 10 up to 26 % less water. High flows above MQ1.5REF 

occur less often at river Gurk (34 to 36 instead of 44 days) but fluctuate around the reference 

value of 64 days at river Ybbs (52 to 70 days). In both catchments, days with low flow 
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conditions occur more often with 63 to 116 and 77 to 138 days in river Ybbs and Gurk, 

respectively. 

Cluster Three – Saalach and Mur 

A similar change can be reported for the third cluster, which is composed of the rivers Saalach 

and Mur, shown in Figures 6-34 and 6-35, respectively. Due to their altitude, snow processes are 

more important in these catchments than in the hill country and alpine upland. Warmer climate 

however causes snowmelt to be less important in the late 21st century and the snowmelt season 

starts earlier which leads to enhanced runoff during the winter months. Together with a 

significant rise of actual evapotranspiration (see Figure 6-40) discharge rates during the summer 

are decreasing. 

The processes lead to a reduction of the mean discharge rate of 4 to 18 % of Saalach and up to 

18 % as well at Mur. The model realization using REMO however signals hardly any change in 

mean runoff for river Mur (plus 0.4 %), where high flows occur less frequent than in the 

reference (44 to 68 days instead of 75). Even low flows may occur only at 14 (REMO) days but 

the realization using ALADIN signals with 61 days a rise of these days. At river Saalach, low 

flow conditions occur at 36 to 80 days whereas discharge rates exceed MQ1.5REF at 45 to 58 

instead of at 68 days. 

Cluster Four – Salzach and Drau 

The catchments located in the Tauern region are glaciated. The results for rivers Drau and 

Salzach are shown in Figures 6-36 and 6-37, respectively. Note that in these figures, ice melt 

sums up to snowmelt. Shrinking glaciers amplify the trend observably in the other, lower 

catchments. Discharge originating from melting glaciers in the basin of river Drau is almost 

negligible even nowadays. The glacier-total catchment ratio is very small. Increased 

evapotranspiration rates in summer cause an additional decrease in runoff. Other than in the 

lower catchments, only a slight increase in winter runoff is indicated by the model. This increase 

is greater in river Drau than it is in Salzach. However, model results seem more homogenous in 

river Salzach. In high elevations even at the end of the century, snowmelt in winter does not start 

to rise drastically earlier than it does in lower altitudes. Nevertheless it becomes less in total and 

reaches its apex earlier in the year. Subsequently, melt from glaciers starts earlier in the year, 

too. 

The mean discharge of these rivers is likely to dip about 10 to 16 % at Salzach and up to 11 % at 

Drau. However, caused by higher runoff values in winter, mean discharge of river Drau may be 

increased slightly of 2 %. Lower runoff values at Salzach lead to less days with high flow 

conditions. Only at 31 to 32 days a year discharge exceeds the value of MQ1.5REF but draughts 

may become more important since runoff dips below Q330REF at 31 to 84 days a year.  
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Cluster Five – Rivers Isel and Inn 

Like the catchments in cluster four, these basins hold glaciers that will lose great amounts of 

their surfaces and masses in the course of the 21st century. However the relative share of glacier 

melt in both catchments does not get less (see Table 6-3). The apex of glacier melt is lower in 

future, though. Less accumulation and subsequently less melt of snow (and ice) lead to reduced 

discharge rates in summer. At the end of the century evapotranspiration will have been greatly 

increased amplifying the lack of discharge in summer in these watersheds. Discharge in winter 

will be slightly greater than during the reference period. Therefore a change of the runoff regime 

from glacial to nival is likely to be observed. Results for rivers Isel and Inn are given by Figures 

6-38 and 6-39, respectively. 

Both rivers carry less water during the year leading to a reduced MQ of 7 to 12 at Isel and 10 to 

14 % at river Inn. Less water in summer and more in winter means that low flow conditions 

occur at 11 to 46 and 12 to 38 days for Isel and Inn, respectively, while the MQ1.5REF is 

exceeded at 58 to 67 instead of 94 days and at 28 to 45 instead of 82 days in these respective 

rivers. 

6.6 Discussion to future discharge conditions in Austrian basins 

6.6.1 Long term annual changes in the amount of runoff 

Often contrary behaviour between the ECHAM5 and the ARPEGE driven RCMs is observable 

(see Figure 6-22). Looking at annual precipitation trends shown in Figure 6-23 the reason for the 

opposing runoff behaviour is obvious. Similar precipitation patterns result in similar discharge 

patterns in the respective watersheds. One has to keep in mind that the meteorological and 

hydrological data in Figure 6-22 to Figure 6-25 are given as five year moving averages. Any 

runoff delaying processes as snowmelt for instance are not accounted for at this temporal 

resolution. Runoff becomes a function of (mean annual) precipitation and evapotranspiration 

only. Thus, the correlation between rainfall and runoff is very good (see Figure 6-42b). 
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Figure 6-42: Correlation between discharge and precipitation on daily (a) and on five year moving 

average (b) basis in the catchment of river Saalach. On a daily basis correlations vary between 0.18 and 

0.24 whereas correlations between 0.6 and 0.82 are reached on the basis of a five year moving average. 

The jump in potential evapotranspiration observable in several catchments like Mur or Salzach 

around the year 2000 can be explained by the use of Turc’s formula for estimating ETP (Eq. 

2-2). At negative air temperatures ETP is set to be 0.1 mm per day. As long as temperature 

values stay below this mark, no change in ETP will occur no matter how far air temperature 

values have been increased. 

In some catchments, especially ones with low elevation (Rott, Kamp and Gurk), an opening gap 

can be observed. Potential evapotranspiration rises more than actual ET does. Potential 

evaporation is increased by (i) radiation and (ii) air temperature. However, actual 

evapotranspiration is limited by the amount of water available in the soil. This may lead to rising 

levels of potential evapotranspiration although actual transpiration stagnates on a certain level as 

can be observed most clearly in the catchment of river Rott. Since the plant available water 

capacity of soil is a parameter in the model, this is a direct consequence of the parameter set 

found in the calibration. 

In a warmer climate less snow is able to accumulate and subsequently snowmelt is lowered 

leading to lower discharge values originating from snow. In principle, the same accounts for the 

melt of glaciers as well. However, both nival catchments indicate a u-shaped melting evolution 

with the respective minimum of melt in the period 2041 to 2070. Increasing melting rates of 

glaciers at the end of the century will be caused by increasing temperature levels in regions 

above 3000 m a.s.l. Increasing temperatures mean these areas are fully depleted earlier in the 

year and thus enabling ice melt. Consequently the annual time span where glacier melt occurs 

gets longer, leading to more melt. This compensates for shrinking glaciers.  

Composition of discharge during the reference period in the watersheds of river Inn and river 

Salzach are comparable to values reported by Weber et al. (2010) who used the RCM REMO in 

combination with a hydrological model based on the Promet model (Mauser and Bach, 2009) to 

estimate the contribution of rain, snow- and ice melt in the Danube catchment. However, they 

report almost entirely diminishing glacier contributions until 2060. The Promet model is a 

detailed physical based hydrological model that accounts for glacier mass balance including 
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movement, and geometry evolution. Thus it is much more complex than the model used in the 

present study. 

Melting rates in the (far) future might not necessarily be ‘correct’ due to the fact that glacier 

surface areas above 3000 m a.s.l. do not change. However, the resulting error is considerably 

smaller than the uncertainty originating from other factors such as climate models (see chapter 

6.4). 

6.6.2 Seasonal changes 

On the annual scale discharge rates decrease in the vast majority of the basins and for the use of 

most RCMs. Using ALADIN a positive trend cannot be observed in a single catchment. The 

other RCMs tend – at least in some basins – to slightly increase discharge rates. To understand 

that difference in between the realizations using different RCMs one has to look at seasonal 

changes in climatology and the resulting hydrologic reaction of the respective catchment. 

Seasonal evolution of climatology is given in Figure 6-29 for the river Saalach. Climatological 

evolution in the other basins is similar as shown in the appendix (Figure A 10 to Figure A 18).  

Increasing air temperatures result in increasing evapotranspiration rates. Thus the use of 

ALADIN should lead to the highest evapotranspiration rates during summer. However, as 

indicated in Figure 6-40 the highest rates of ETA are produced by the use of RegCM3. This can 

be caused by two reasons: (i) less precipitation during the hot months in summer (ALADIN) 

lower high rates of ETA or (ii) the large surplus of global radiation predicted by RegCM3 has as 

great an effect that compensates for the lower temperature. According to Figure A 9 RegCM3 

signals the highest surplus in ETP as well but with less difference to ALADIN. 

The higher the air temperature the less sensitive is the estimation of ETP using Eq. (2-2) on 

temperature changes. At low temperatures, a change in temperature is more sensitive than 

changing global radiation. The relationship between global radiation and ETP is linear. This 

relationship is shown in Figure 6-43 for the range in air temperature values between 0 and 25 °C 

and global radiation values between of 20 and 300 W m-2 d-1. These values often occur in 

mountainous regions during the summer months. Note that ETP is set zero at negative air 

temperature values. The use of this method for estimating ETP therefore amplifies values of ETP 

when temperature levels are medium, yet radiation levels are high. High values on global 

radiation are caused primarily by clean sky conditions. Hence, the choice of the approach for 

estimating ETP has an influence on the model results even if the evapotranspiration rates during 

calibration are similar. It should be noted, however, that values of global radiation in climate 

models (RCMs as well as GCMs) are prone to larger errors than precipitation or air temperature 

(Randall et al., 2007). 

Higher rates of ETA using RegCM3 than using ALADIN, therefore, are the result of a 

combination of less precipitation generated by ALADIN and higher values for global radiation 

predicted by RegCM3.  
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Figure 6-43: Values of ETP in dependency on air temperature and global radiation values. While values 

of ETP depend linear on global radiation, influence of air temperature converges against a threshold 

value. 

In general, discharge in winter is likely to become higher in the future. This statement is true 

especially for mid elevation catchments, i.e. Mur, Saalach and Ybbs, and to some extent for 

Drau, which indeed is located in the high alpine cluster; however large parts of the catchment are 

situated in mid elevation ranges. Exceptions from that statement can be found for river Kamp, 

especially using the RCM ALADIN and for river Gurk using the same RCM. Subsequently the 

catchments snow storage is getting smaller causing a decrease in discharge during the melting 

season in spring and early summer. 

This rise of winter runoff is caused primarily by higher air temperature rates leading to a greater 

fraction of liquid precipitation. The total amount of precipitation (i.e. solid and liquid) during the 

winter months do hardly change in any of the catchments and for none of the RCMs. Also rates 

of evapotranspiration – both actual and potential – hardly rise in the winter months. In winter, 

global radiation levels are usually rather low due to short length of days. As shown in Figure 

6-43 rates of ETP are only little increased if temperature levels rise, but global radiation stays 

low. Beginning around March, rates of ETP start to rise and remain higher until around 

November. In catchments located in higher elevations a rise in temperature occurs as well. 

However, as long as air temperature levels stay below the freezing point of water, neither 

snowmelt processes nor evapotranspiration is affected by that. Consequently discharge rates in 

those high elevation basins during winter months do not rise as strong as in lower catchments. 

Figure 6-44 summarizes the evolution of the hydrograph and the reasons for that evolution in 

alpine catchments in the course of changing climate conditions. 

The lower the (mean) elevation of a catchment, the greater the influence of liquid precipitation 

on the hydrograph. Since the evolution of precipitation is more uncertain than air temperature, 

differences between the realizations using different RCMs concerning discharge in low 

catchments are, in general, greater than in higher catchments. Furthermore, runoff conditions 
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during climate normals differ more in low catchments. This accounts particularly for the basin of 

river Rott (Figure 6-30) but also, in alleviated form, for the basins of Kamp and Gurk (see 

Figures 6-31 and 6-32, respectively). It should be noted however, that the model in these low 

catchments performs not as well as it does in mountainous basins. This clearly has an influence 

on the significance of the evolution of the discharge behaviour. Nevertheless some principle 

statements are valid for those submontane basins, too (see next chapter). 

 

Figure 6-44: Conceptual hydrographs for actual and changing runoff conditions in alpine catchments. 

6.6.3 Key characteristics relevant for hydropower 

Hydropower relies on the supply of water. In general, the more discharge can be provided by 

unit of time (e.g. hours, days, months, etc.) the more electric energy can be generated by the 

turbines. This relationship is almost linear for a wide range of discharge rates. It depends on the 

characteristics of a power plant such as the kind of turbines, storage depth, etc. However, at the 

edges of the flow duration curve of a river, this relationship becomes non-linear (see chapter 

6.5.4). The discussion regarding key characteristics is based on Figure 6-41. High flows refer to 

the MQ1.5, low flows to Q330. 

The vast majority of studied rivers show reduced exceedance probabilities for high flows at the 

end of the century using all three climate models. Exceptions are the low elevation basins of 

river Rott and Kamp as well as river Ybbs for at least some of the RCMs. Fewer days featuring 

high flow conditions mean fewer days with reduced plant efficiency and therefore a greater 

energy production potential. The yield regarding high flows is greater the higher the elevation of 

a catchment. At river Inn for instance, the exceedance time drops from roughly 90 to about 30-45 

days per year.  

At the far right side of the flow duration curve statements regarding low flow conditions can be 

made. Other than for high flows, the exceedance probability for low flow conditions drops in the 

majority of the basins meaning that power generation losses due to droughts are more likely to 

occur. For catchments situated in high elevation ranges this might not be true, though. Staying 
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with the example of River Inn, low flow conditions at the end of the century will occur at 17 to 

23 days less than present. However, the RCM ALADIN signals roughly no change in low flows 

(327 instead of 330 days). 

The centre of the FDC represents mean flow conditions (MQ). Generally speaking, a rise in MQ 

means better, a decreasing MQ worse conditions for generating electric energy from hydro 

power. Besides the pure discharge rate at the MQ, one may interpret a shift in the days when MQ 

is exceeded to the right (i.e. more days a year) as a benefit and a shift to the left as loss. In nearly 

every catchment a left-shift is indicated by all RCMs. However, in most of the basins this shift is 

quite narrow affecting only some days. Here, no clear statements can be concluded whether this 

shift is greater or lesser in mountainous than in flat regions. 

Assuming there is good efficiency in the range between low and high flows one can derive the 

time span for optimal generation conditions and state whether these evolve better or worse. This 

is done for the three future climate normals and shown in Table 6-7. While the time span 

featuring good conditions shortens in low, flat catchments, mountainous catchments with high 

altitudes provide a larger good time range. 

Table 6-7: Days with good conditions for generating electric energy from hydro power. Good conditions 

are assumed between low and high flow conditions. Given is the mean of the range of different RCMs. 

Basin Days with optimal production conditions 

 2011-2040 2041-2070 2071-2100 

Rott -34 ± 8 -72.5 ± 10.5 -68.5 ± 31.5 
Kamp -71 ± 23 -103 ± 40 -145 ± 34 
Gurk -28.5 ± 8.5 -36.5 ± 4.5 -58.5 ± 24.5 
Ybbs -57.5 ± 2.5 -48 ± 13 -51.5 ± 17.5 
Mur -12.5 ± 0.5 7.5 ± 4.5 16.5 ± 11.5 
Saalach -29 ± 4 -5.5 ± 12.5 -6.5 ± 15.5 
Salzach -1 ± 7 13.5 ± 1.5 15 ± 26 
Drau -19.5 ± 0.5 5.5 ± 15.5 -6 ± 19 
Isel 3.5 ± 0.5 35 ± 1 38 ± 13 
Inn 8.5 ± 3.5 41 ± 5 55.5 ± 4.5 

Obviously, this only vaguely estimates the evolution of the electric power potential in these 

catchments. At higher discharge rates within these ranges better efficiency conditions exist than 

at low discharge rates. Nevertheless, it gives an overview of trends. In a catchment where the 

range providing good conditions gets shorter the power potential is likely to drop, whereas when 

the range gets wider, for said reasons, it may be increased. 

An exact measure of the power potential however would necessitate explicit knowledge of the 

existing run-of-river stations. Furthermore, the approach in Table 6-7 does not consider edificial 

changes such as the construction of new stations or technical advances as the refinement of 

turbines. 
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7 Summary and conclusions 

Runoff conditions are influenced by climate conditions. Thus under changing climate conditions 

runoff behaviours are likely to change, as well. Predictions of climate change are highly 

uncertain. How does the economy develop in next century? An economy relying on fossil energy 

produces climate relevant gases such as CO2 or CH4. But how do these gases influence the 

climate? 

To overcome these questions and study the effects of climate change on different aspects like 

water cycle, climate change scenarios are used. These are defined by the Intergovernmental 

Panel on Climate Change and include socioeconomic pathways. Commonly used is the scenario 

A1B, that may be seen as medium scenario. Since the previous climate change report in 2007, 

the IPCC has changed the nomenclature and meaning of its scenarios (IPCC, 2013). Instead of 

emitted climate relevant gases and their consequences on earth’s climate, new scenarios now 

directly consider a surplus of energy. Most similar to A1B is the new scenario RCP6.0 referring 

to an additional intake of the earth’s surface of 6.0 W m-2. The old and new scenarios cover a 

similar range in additional climate relevant gases (CO2 equivalent) and subsequently the use of 

A1B still is valid. 

To represent the complex nature of earth’s climate including feedback processes of land and 

oceans as well as uncertainties in a highly dynamic system a set of three different climate models 

are used to study effects of climate change on the water cycle. ALADIN is driven by the global 

circulation model ARPEGE, REMO and RegCM3 are driven by ECHAM5. All of these models 

are of equal value meaning that none of the model results is more likely than any other. While all 

three models picture the evolution of air temperature (annual mean) similarly, differences 

regarding precipitation and global radiation do exist. No coinciding trend is observable regarding 

the latter two meteorological variables. On a seasonal scale however, even the consensus on 

temperature evolution is missing. While ALADIN indicates hot summers with temperature rises 

of more than 5 K with respect to the climate normal 1981-2010 air temperature during the winter 

months is increased by only about 1 K. REMO and RegCM3 indicate an even rise in temperature 

values throughout the year by approximately 3.5 to 4 K.  

Feeding a hydrological model with data provided by these climate models possible impacts on 

the hydrological cycle with focus on energy generation from hydro power stations within ten 

model basins in Austria is studied. This model is based on the ideas of the widely used 

conceptual rainfall runoff model HBV (Bergström, 1976). Although the model was calibrated at 

the turn of the 20th century it is able to reproduce runoff characteristics during the standard 

normal 1951-1980. Therefore it is able to model discharge under changing climate conditions 

and hence it is appropriate for the use of climate change impact studies. Recently Vaze et al. 

(2010) have shown that hydrological models generally may be applied in climate change studies, 

if mean annual precipitation does not vary more than roughly 20 %.  
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Since many of the modelled catchments are located in mountainous regions, snow processes play 

a key role in the runoff generation processes in these catchments. These processes are modelled 

using a simple approach only considering air temperature. Simplicity on the one hand competes 

against a detailed description of snow processes influenced by other factors such as radiation or 

latent heat fluxes. However, more information about meteorological state variables increases the 

source of errors of the model. The idea is to keep the model as simple as possible (Thorsen et al., 

2010). Yet a simple temperature index approach leads to intensive accumulation of snow in 

altitudes where the air temperature scarcely rises above the melting point of snow (i.e. 0 °C). To 

overcome this behaviour a simple approach has been developed transferring snow to lower 

altitudes enabling snowmelt. This approach has been tested in the catchment of river Salzach, 

Austria. It could be shown that not accounting for lateral snow redistribution processes not only 

leads to a significant portion of water being stored in the catchment but also inhibits glacier melt. 

If no redistribution processes are taken into account in long term hydrological modelling, large 

piles of snow will have been developed in high elevations after some 10s of years of modelling. 

In a warming environment, snowmelt is getting enhanced. This applies for high altitudes, as 

well. Consequently, snow that has accumulated for years begins to melt, altering the model 

results in a considerable range of up to 4.3 %. Since the response of the hydrological model to 

climate change for Salzach River basin is in similar range (10 to 15 %) snow redistribution 

should be considered in climate change impact studies regarding alpine regions. 

Implementation of a snow redistribution routine in the spatial distributed rainfall-runoff model 

COSERO (Nachtnebel et al., 1993) endorses these findings (Frey and Holzmann, 2015). In the 

catchment of the Ötztaler Ache, Austria, it could be shown that snow redistribution to lower 

regions amplifies glacier melt of 100 mm per year and prevents the appearance of “snow towers” 

in high altitudes. Furthermore, it could be demonstrated that including lateral snow processes 

improves discharge at the gauge Huben in the Ötztal by 0.05 units of Kling-Gupta-Efficiency in 

the calibration and 0.02 units in the validation period. However, the influence of snow transport 

processes on discharge at the outlet of a catchment decreases with an increasing catchment size, 

since large parts are situated in low elevations where snow accumulation is not problematic. 

Although there are additional parameters needed the integration of a snow transport module 

promotes the demand, that models work “right for the right reasons” and is an attempt to 

integrate more real process understanding into the model approach. A better mapping of realistic 

runoff processes may help to reduce model uncertainties due to narrower parameter boundaries. 

However more research would be needed to ensure this statement. An additional open question 

arises from the rather minor enhancements regarding areal snow cover. Since MODIS provides 

only binary information no statements about the SWE can be derived from this information. In 

addition the resolution of MODIS is relatively coarse featuring a 500 m cell edge size. This 

resolution, although higher than the model grid cell size of 1 x 1, might not be high enough to 

picture peak regions in an accurate way. Landsat provides images with spatial resolution of 

30 x 30 m (available online at http://glovis.usgs.gov) that could be useful in validating snow 

covered or snow free regions. 
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To quantify parameter uncertainties regarding the model cascade climatological 

model to hydrological model, a very simple hydrological water balance model was developed 

and applied to five model regions across the Alps and Massif Central. This model can be 

described as “as simple as possible” since it uses only five parameters. It has been proven to be 

suitable for representing discharge conditions within these regions using a monthly temporal 

resolution. The simplicity of the model and use of an efficient programming language 

(FORTRAN) in terms of computing time made the model suitable for uncertainty analysis using 

large amounts of model runs. While model uncertainties obviously exist, these are superimposed 

by differences between climate change models. Those differences may be addressed as 

uncertainties ranging from climate change. It is evident that more complex hydrological models 

using more parameters lead to higher uncertainties due to equifinality reasons, though. 

Good correlations (R²) between runoff conditions on a monthly basis and generation rates of 

electric energy in national states covering the model regions were found using multiple 

regression analysis. These were up to 0.85 for France, 0.71 for Germany, 0.82 for Italy and 0.78 

for Switzerland. By assuming no changes within these relationships due to whatever reason (e.g. 

edificial, socio-economic, etc.) possible future energy generation potential can be derived from 

evolving discharge rates in the modelled regions. By the end of the 21st century, the biggest 

deficits regarding power potential occur during the summer months, when runoff is reduced due 

to enhanced ETA and reduced snowmelt. In winter, the energy generation potential most likely 

will rise as less precipitation is stored in the catchments in the form of snow. However, the rise 

in winter does not compensate for losses during the summer months in all countries except 

Germany for the use of REMO and RegCM3. Despite the use of an ensemble of parameter sets 

for the hydrological model, uncertainty bands within the same RCM, except in France, are rather 

narrow. 

For the Austrian basins, using a semi-lumped water balance model, the modelled hydrological 

results are similar to the European catchments. Discharge rates during the summer months will 

most likely drop due to enhanced evapotranspiration and less snow- and icemelt. In addition, 

especially ALADIN signals dry summer months amplifying this behaviour. Less precipitation in 

summer limits ETA especially in low elevation catchments. However, one has to be aware that 

the used model performs not as well in these catchments as it does in steeper regions. During 

winter months, discharge rates will most likely be increased due to rising air temperature that 

causes precipitation to fall augmented in liquid form. This effect is most distinct in mid-elevation 

catchments that are influenced by snow but are located low enough for a rise of temperature 

above 0 °C in winter by the end of the century. These are the catchments of the rivers Saalach, 

Mur, Ybbs, Drau and, to some extent, Gurk. Temperature rises in nival catchments as well, 

however as long as temperature values seldom exceed the melting point of snow it has little 

influence on the discharge behaviour. 

Evolution of the electric power potential depends on (i) the total amount of (annual) discharge in 

a basin and (ii) the time range in which run-of-river stations can operate with good efficiency. 
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While the first can easily be estimated using the hydrological model the latter may be defined as 

range of the flow duration curve between the discharge rate at 1.5 times the MQ and the 

discharge that is exceeded on 330 days a year (Q330). This range is likely to get wider in alpine 

and nival catchments and shortens in low- to mid-elevation catchments. In general, a wider range 

means more days providing good runoff conditions. This may compensate for decreasing 

discharge rates throughout the year. However, exact measures of the power potential would 

necessitate explicit knowledge of the existing power stations. In addition, this approach does not 

account for edificial changes in the catchments or technical advances such as refinement of 

turbines, for instance. The availability of river runoff is the key component for the potential of 

generating electric energy from hydro power.  

Since updated climate change scenarios are available, climate change impact studies in the future 

should be carried out using these new scenarios. The use of more than one scenario will lead to a 

wider span of possible impact on the hydrological cycle and consequently on the electric power 

potential. In addition the use of different hydrological models could solidify statements made in 

this thesis. General findings in this thesis regarding climate change impact on the hydrological 

cycle however are reported by other studies as well (e.g. Laghari et al., 2012; Schaefli et al., 

2007; Schöner et al., 2011). 

However, socioeconomic and political factors influencing the actual value of electricity on the 

market play an important role in the decision making process of power suppliers and may 

superimpose hydrologic conditions. 
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9 Appendix 

 

Figure A 1: Overview of the parameter sets used by SASWET for calibrating the Austrian watersheds. 
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Figure A 2: Average energy generation potential per month in the climate normal 1951 to 1980. 

Figure A 3: Average energy generation potential per month in the climate normal 1981 to 2010. Since this 

is the reference period, only little difference between the models and the reference line exists. 
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Figure A 4: Average energy generation potential per month in the climate normal 2011 to 2040. 

Figure A 5: Average energy generation potential per month in the climate normal 2041 to 2070. 
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Figure A 6: Essential hydrological characteristics of the study basins during the standard normal 1951 to 

1980 plotted along the flow duration curves. MQ1.5 refers to 1.5 times the MQ. MQ330 refers to days the 

runoff exceeds the value, that was Q330 during the reference period. Dashed lines highlight the discharge 

rates of MQ during the reference period (black) and during 1951 to 1980. 
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Figure A 7: Essential hydrological characteristics of the study basins during the standard normal 2011 to 

2040 plotted along the flow duration curves. MQ1.5 refers to 1.5 times the MQ. MQ330 refers to days the 

runoff exceeds the value, that was Q330 during the reference period. Dashed lines highlight the discharge 

rates of MQ during the reference period (black) and during 2011 to 2040. 
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Figure A 8: Essential hydrological characteristics of the study basins during the standard normal 2041 to 

2070 plotted along the flow duration curves. MQ1.5 refers to 1.5 times the MQ. MQ330 refers to days the 

runoff exceeds the value, that was Q330 during the reference period. Dashed lines highlight the discharge 

rates of MQ during the reference period (black) and during 2041 to 2070. 
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Figure A 9: Comparison of monthly potential evapotranspiration within the reference period and the 

climate normal at the end of the 21st century. Changes occur mainly during the summer months and are 

greater the higher the maximum elevation of the catchment. 

 

 

Figure A 10: Monthly changes in climatological data compared to the reference period for the catchment 

of river Rott.  
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Figure A 11: Monthly changes in climatological data compared to the reference period for the catchment 

of river Kamp.  

 

 

Figure A 12: Monthly changes in climatological data compared to the reference period for the catchment 

of river Ybbs.  
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Figure A 13: Monthly changes in climatological data compared to the reference period for the catchment 

of river Gurk.  

 

 

Figure A 14: Monthly changes in climatological data compared to the reference period for the catchment 

of river Mur.  
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Figure A 15: Monthly changes in climatological data compared to the reference period for the catchment 

of river Salzach.  

 

 

Figure A 16: Monthly changes in climatological data compared to the reference period for the catchment 

of river Drau.  
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Figure A 17: Monthly changes in climatological data compared to the reference period for the catchment 

of river Isel.  

 

 

Figure A 18: Monthly changes in climatological data compared to the reference period for the catchment 

of river Inn.  
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