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Abstract

:

This study assesses the change of the seasonal runoff characteristics in 98 catchments in central Europe between the reference period of 1981–2010, and in the near future (2011–2040), mid future (2041–2070) and far future (2071–2099). Therefore, a large ensemble of 50 hydrological simulations featuring the model WaSiM-ETH driven by a 50-member ensemble of the Canadian Regional Climate Model, version 5 (CRCM5) under the emission scenario Representative Concentration Pathway (RCP 8.5) is analyzed. A hierarchical cluster analysis is applied to group the runoff characteristics into six flow regime classes. In the study area, (glacio-)nival, nival (transition), nivo-pluvial and three different pluvial classes are identified. We find that the characteristics of all six regime groups are severely affected by climate change in terms of the amplitude and timing of the monthly peaks and sinks. According to our simulations, the monthly peak of nival regimes will occur earlier in the season and the relative importance of rainfall increases towards the future. Pluvial regimes will become less balanced with higher normalized monthly discharge during January to March and a strong decrease during May to October. In comparison to the reference period, 8% of catchments will shift to another regime class until 2011–2040, whereas until 2041–2070 and 2071–2099, 23% and 43% will shift to another class, respectively.
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1. Introduction


Several regional studies based on observational data report that a changing climate has already affected the hydrology in the Alps as well as in central Europe, for example [1,2,3,4]. Other studies applying climate simulations show that future changes will further impact hydrological processes in these regions [5,6,7,8]. Thereby, climate change has an impact on the behavior of mean flows, the seasonality of the catchment, and also the intensity and frequency of extreme runoff events [9,10]. Especially, alpine and pre-alpine catchments are very sensitive to climate change-induced shifts of hydrometeorological processes [11].



The runoff regime of a catchment can be described by the coefficient according to Pardé [12], which corresponds to the behavior and seasonality of mean flows. The Pardé coefficient is defined by the ratio of mean monthly flow and mean annual flow [12]. Though developed in 1933, the Pardé coefficient is still applied to compare the seasonality of runoff in different river basins [13]. Changes in the regime can severely impact different environmental and economic sectors, such as the river ecology [14,15,16,17,18], industrial water supply for hydropower plants [19,20] as well as for cooling [21], agricultural water supply for irrigation [22], the navigability of rivers [23,24], the tourism sector [5], but also hydraulic engineering issues as the dimensioning of reservoirs or management of transition canals [24,25,26,27]. Therefore, it is highly important to assess the impact of a changing climate on the runoff characteristics, as the outcome is of great interest for stakeholders and decision makers in the affected catchments.



Generally, all hydrological analyses based on climate simulations suffer not only from the uncertainties induced by the model uncertainty of the hydrological model, uncertainty due to the bias correction and statistical downscaling, but also from uncertainties regarding the driving climate [28]. These climate uncertainties can be addressed to three different sources [29,30,31]: (1) Scenario uncertainty occurs because the actual emissions in the future are not known but estimated within the emission scenarios. (2) Additionally, there is model uncertainty caused by the global and regional climate models (GCM, RCM). Though climate models may be structurally similar to each other, they differ in spatial resolution, in the degree of detail regarding the implementation of different atmospheric and oceanic processes and in the use of varying parametrization schemes. Therefore, climate simulations of various GCM and RCM combinations differ though driven by the same radiative forcing and emission scenario. (3) Internal variability is caused by non-linear dynamical processes, which are inherent to the chaotic nature of the climate system [32]. Hence, climate simulations based on combinations of the same GCM, RCM, radiative forcing and emission scenario will differ if the initial atmospheric conditions of the GCM are very slightly perturbed [29,33].



Many studies regarding the impact of climate change on runoff characteristics in central Europe have been conducted on different scales, with various climate simulations and analysis methods. Most of these studies apply modeling chains featuring multi-model ensembles of climate simulations to account for the climate model uncertainty [7,34,35]. Some of the studies are carried out with different emission scenarios to address the scenario uncertainty [8,36,37]. Other experiments also set up different hydrological models to account for the hydrological model uncertainty [38,39,40]. The uncertainty due to different bias correction algorithms is addressed by Meyer et al. [41]. To our knowledge, there is no study yet which assesses the impact of internal variability of the climate system on the runoff regime in Europe. Champagne et al. [42] use the CRCM5-LE and WaSiM-ETH to assess the internal variability of streamflow simulations in southern Ontario.



Other projects apply large climate model ensembles in order to model the effect of climate change on socio-economic impacts such as heatwaves, droughts or wildfire [43,44], wind [45,46], agriculture [47,48,49,50], storm surges [51,52] and floods [53].



Within this study, we use 50 high-resolution climate simulations from the single model initial condition large ensemble (SMILE) CRCM5-LE to drive the hydrological model WaSiM-ETH [54] resulting in 50 hydrological simulations, which differ only due to the internal variability of the climate system. After calculating the Pardé coefficients in the 98 catchments of the study area for the reference period (1981–2010), we apply a hierarchical cluster analysis on this broad database in order to classify the 50 × 98 = 4900 regimes into six groups. Hierarchical clustering has been successfully applied on various hydrological parameters [55]. Clustering of regimes based on observational data was carried out by Lebiedzinski and Fürst [56] and Berhanu et al. [57]. For the six regime clusters within this study, the change of the runoff characteristics according to the Pardé coefficient between the reference period and the near future (2011–2040), mid future (2041–2070) and far future (2071–2099) is analyzed. These changes are addressed to the climate change-induced seasonal shifts, which increases and decreases in the components of the water cycle. The cluster analysis is again applied on the hydrological simulations of the near, mid and far future in order to test whether the shifts in the runoff characteristics of each catchment causes its regime class to change.




2. Study Area and Data


2.1. Study Area


The study region covers an area of 103,201 km2 with elevations between 90 m above sea level at Frankfurt Osthafen (Main outlet) and 4019 m above sea level at Piz Bernina (Figure 1). For the hydrological modeling, the study area is divided into 98 sub-catchments according to the size of the respective catchment and to its importance for water management. The whole region is referred to as “hydrological Bavaria”, as it corresponds to the political Bavaria, but is slightly extended according to the location of the catchments, mainly towards the west and south. Hence, also gauges in Baden-Württemberg, Austria and Switzerland contribute to the study.



The spatial distribution of annual precipitation is governed by the elevation, slope and exposition. The northern and central parts of the study area between 50.5° N and 48° N show an annual precipitation of 500–1000 mm during the reference period, whereby the low mountain ranges, such as the Fichtel Mountains, Swabian and Franconian Jura as well as the Bavarian Forest feature annual precipitation around 1000 mm. South of 48° N, precipitation is orographically enhanced due to the rising elevation in the Alpine Foreland and Pre-Alps resulting in annual totals of 1500 up to 2500 mm at the southern political border of Bavaria at around 47.5° N. South of that, the Inn catchment consists of inner-alpine dry valleys with annual precipitation lower than 1000 mm, whereas the mountains within the Inn catchment show values beyond 1000 mm. In the Salzach catchment, annual precipitation totals between 1000 and 2000 mm are observed. Annual air temperatures in the north of the study area are around 10 °C. Between 49.5° N and 47° N, 7–9 °C are measured. In the Alps, air temperatures range from −6 to −2 °C on the mountain tops and up to 8 °C in the valleys.




2.2. Data


The driving climate for this hydrological experiment is based on a large ensemble of GCM simulations, which was performed with the Canadian Earth System Model version 2 (CanESM2) run at ~2.8° spatial resolution [59,60]. This SMILE is referred to as CanESM2-LE and its setup is explained in the following.



After a 1000-year equilibrium run of the CanESM2 forced by preindustrial conditions featuring a constant 284.7-ppm atmospheric CO2 concentration, random atmospheric perturbations were applied resulting in five runs starting on 1 January 1850 [33]. These five simulations can be seen as “families” within the large ensemble and were run until December 1949. Then, new random atmospheric perturbations were implemented so that each of the five families separate into 10 members leading to a pool of 50 members in sum, which are simulated until December 2005. The simulations of the five families and the 50 members were forced with estimations of historical CO2 and non-CO2 greenhouse gas emissions, aerosol concentrations, and land use. Furthermore, estimations of changes in solar irradiance and in aerosol concentration due to volcano explosions are included [60]. The historical period ends in December 2005, whereupon the simulations follow the radiative forcing from the representative concentration pathway (RCP) 8.5 from 2006 to 2099.



The application of the slight perturbations to the initial atmospheric state on 1 January, 1850, and again on 1 January, 1950, leads to different climate realizations, whereby the model dynamics, physics or structure were not changed [60]. After a few years from their initialization in 1950, the resulting 50 simulations are assumed to be independent realizations of the modeled climate system [33]. As the analysis period within this study starts in 1981, the variability of the 50 members can be interpreted as internal variability [29].



The Canadian Regional Climate Model, version 5 (CRCM5) [61,62] featuring a spatial resolution of 0.11° is then applied to dynamically downscale the CanESM2-LE within 1950–2099. This RCM SMILE is referred to as CRCM5-LE and was designed within the ClimEx project (Climate change and hydrological extreme events–risks and perspectives for water management in Bavaria and Québec; Munich, Germany). More details of the CanESM2-LE setup can be found in [60]. Details regarding the downscaling as well as a validation of the CRCM5-LE against E-OBS data are presented in [33]. A comparison of the CRCM5-LE to the EURO-CORDEX (European Domain-Coordinated Regional Climate Downscaling Experiment) multi-model ensemble is shown in [31].



As RCMs overestimate the occurrence of drizzle [63], precipitation values below 1 mm/d are eliminated [64]. Due to the biases of the CRCM5-LE over the study area regarding precipitation and temperature [33], a bias correction is carried out in order to prevent the deviations from propagating in the simulation of the water cycle [65,66,67,68]. Hence, a quantile mapping approach [69] is applied with a three-hourly resolution to adjust all input variables, which are used for the hydrological simulations of the WaSiM-ETH, namely precipitation, air temperature in 2 m height, surface downwelling shortwave radiation and surface wind speed.



After the application of a statistical downscaling resulting in a spatial resolution of 500 m, this climate dataset drives the hydrological model WaSiM-ETH with a temporal resolution of 3 h. The whole setup is summed up in Figure 2 and further details regarding the input data as well as the implemented modules are presented in the Supplementary Materials. Water management structures such as reservoirs and transition canals are implemented within the setup as far as the data are provided by the Bavarian Agency for Environment.



The Kling-Gupta Efficiency (KGE) [70] for the whole reference period is presented in Figure 3. Except for the gauges of the rivers Mindel, Zusam, Schmutter and Paar in the center of the study area as well as the alpine river Ziller, all other catchments show a good or very good agreement of observation and simulation (KGE > 0.5). Due to the undercatch of mountainous precipitation gauges [41,71,72], most alpine and pre-alpine catchments show a KGE between 0.5 and 0.7.





3. Methods


The hydrological regime characterized by the Pardé coefficient is governed by the climate (temperature and precipitation), topography (elevation and exposition) and further features (land use, soils, geology) of the catchment [2]. To evaluate the WaSiM-ETH setup for this experiment, the Pardé coefficients are calculated for the reference period using observed runoffs and WaSiM-ETH simulations driven by observational meteorological data. After that, monthly Pardé coefficients are calculated using the climate model data for all 98 catchments and 50 members during the reference period resulting in 4900 regimes. An agglomerative hierarchical clustering using the complete linkage algorithm with Euclidean distance is applied on these 4900 regimes [56,73,74,75]. The number of clusters for this algorithm is chosen by the user. As this choice is arbitrary, there are several strategies to evaluate the number of clusters. On one hand, external criteria such as class labels (“nival”, “nivopluvial”, “pluvial”) can be applied to compare the results of the cluster analysis to these labels, which are known to the user beforehand [76]. On the other hand, relative criteria can be found, which evaluate different clustering schemes, resulting by the same algorithm but with a varying number of clusters [77]. Charrad et al. [77] provide a toolbox containing a set of different indices to evaluate clustering schemes. For this study, we apply 27 indices, constraining them to a cluster number between 4 and 10 (see Supplementary Materials for further details). Following the rule of majority [77], the highest number of indices, namely 10, propose six clusters. Therefore, we apply the hierarchical clustering algorithm with six clusters to all 4900 runoff regimes.



If more than 10 regimes of the 50 total regimes per catchment are classified within a cluster, the catchment is categorized into the respective class. This also allows a regime to belong to two or more classes. The large ensemble of 50 members thereby contributes to the robustness of this cluster analysis, as the application of this method using single members of the WaSiM-LE leads to differing results. Furthermore, this methodology allows the internal variability of the climatic drivers to be reflected in the classification of runoff regimes.




4. Results


The spatial distribution of the cluster analysis for the reference period is presented in Figure 4. The validation of the hydrological model setup applying observational meteorological data for each clustering region is shown in Figure 5. Thereby, a root-mean-square error (RMSE) of 0.09 on average for all months and catchments shows sufficient agreement of the model and observations. For mainly rainfall-driven catchments (Region 4, 5 and 6), the comparison of simulated and observed Pardé coefficients show very good agreement. In the snowmelt-influenced catchments, the height and position of the peak is not fully reproduced. Partially, this can be explained with the observational meteorological data underestimating solid precipitation. The undercatch of snow can amount up to 40% for shielded gauges and 80% for unshielded gauges [71,78,79,80]. Grossi et al. [81] find deviations of −15% to −66% in the northern Italian Alps. Additionally, the station density in the Alps is not high enough [82]. As these observations influence the snowfall in the WaSiM-LE as part of the bias correction, the snowmelt-induced runoff is underestimated as well. Apart from these deviations, the general characteristics of each regime class are preserved.



Region 1 shows a (glacio-)nival regime with its peak in June and July (see Figure 6). The three alpine gauges of the Inn and the Oetztaler Ache belong to this regime class, whereby the Oetztaler Ache has its peak flow in July, which is why it is classified as glacio-nival regime [37]. Region 2 also has its peak flow in June, but it is simulated earlier during May due to the underestimation of snowfall and snowmelt. The regime is more balanced than the (glacio-)nival regime with a less spiky peak and higher flows during the winter. Therefore, it is classed as a nival transition regime. The respective catchments are located in the Pre-Alps and Alpine Foreland. Region 3 can be categorized as nivo-pluvial regime. The peak in April is caused by a combination of rainfall and snowmelt processes, whereas the coefficients > 1 during June to September are governed by the rain regime only. Region 4 shows a very balanced flow regime. The catchments are located in the center of the study area near the Danube. The evenness of the regime is caused by a relatively even precipitation regime with only small influence of snowmelt during November–March. Therefore, this regime class is referred to as pluvial (balanced). Region 5 covers almost all northern catchments. Its flow regime is governed by the rain regime and evapotranspiration resulting in a less even monthly mean flow. The three peak months are January, February and March, when a small amount of snowmelt adds to the rain, whereby evapotranspiration is low. During the second half of the year this class shows a pronounced sink in the monthly mean flows. This regime is classified as pluvial (unbalanced). The sixth cluster class consists of 23 single regime members and is therefore only represented by the head catchment of the river Altmühl, which belongs to class 5 and 6. The seasonal course of this regime class is similar to region 5, with an even higher peak during January to March and a lower sink during the summer.



The cluster classes of the 4900 regimes, which are simulated by WaSiM-ETH driven by the bias-corrected CRCM5-LE, are presented in Figure 6. Additionally, the projected change of the regional mean of each cluster is shown for the near, mid and far future in Figure 7. The climate change-induced shifts in the water cycle are the drivers of the regime changes (see Figure 8). The seasonal variability of the runoff regimes in the rainfall-driven regions 3, 4, 5 and 6 is increasing for every future period (see Figure 7). This is largely caused by increasing seasonal variability of the rainfall with higher rainfall during November to March and less rainfall during June to September. In addition, the evapotranspiration during May to August increases and amplifies the seasonal variability of the mean flows (see Figure 8).



The catchments with mainly snowmelt-driven (glacio-)nival and nival transition regimes are located in the Alps, pre-alpine regions and the Alpine Foreland, whereby the sources of these rivers are in the Alps and Pre-Alps. Climate change-induced higher temperatures and earlier snowmelt cause the monthly peak to occur less pronounced and earlier in the season during the mid and far future, respectively. The relative importance of snowmelt for the monthly discharge decreases, whereas liquid precipitation will increasingly contribute to the runoff during winter and early spring. Generally, catchments of these both regime types will show a more balanced seasonal runoff in the future.



The monthly peak of the nivo-pluvial catchments shifts from April to March in the far future, whereby this peak gets more intense. The normalized monthly discharge from December to March increases in every future period, while from July to October a severe decline is found. The contribution of snowmelt decreases by every future period, leading to a higher relative importance of rainfall.



The normalized monthly runoff of all three pluvial regime types increases in the first half of the year by every future period and decreases in the second half of the season. These shifts can be addressed to changes in the rainfall regime and rising evapotranspiration during May to August. These results are consistent with several regional studies, which analyze climate change impacts on hydrological characteristics on catchments in the Alps and Alpine Foreland [7,11,34,35,37,38,83,84].



In order to assess this impact on the categorization of the runoff regimes, the Euclidean distances of the 4900 Pardé coefficients of the reference period to the 3 × 4900 coefficients of the near, mid and far future are calculated. According to these distances, the regimes of the future are categorized into the cluster classes of the reference period. The result of this classification shows if the changing climate is causing a shift of the regime class until 2011–2040, 2041–2070 or 2071–2099 (see Figure 9, Figure 10 and Figure 11). Table 1 summarizes the number of catchments within each cluster class.



Compared to the reference period, eight catchments will change their regime classes in the near future. These are nival and nivo-pluvial catchments in the Alpine Foreland, where the influence of snow decreases, which causes a shift towards a pluvial class. However, these catchments are categorized belonging to both regime classes. This means that the change in their regimes is within the range of natural variability for the near future.



During the mid-future, a shift in the regime class is examined for 23 catchments, which equals to 23% of all 98 catchments (see Figure 10). The number of catchments within the snowmelt-related classes ((glacio-)nival, nival transition, nivo-pluvial) decreases from 35 to 30. These shifting catchments are located in the Alpine Foreland, where the importance of snowmelt declines. In this region, the pluvial categories gain new members. In the center and north of the study area, both pluvial classes still dominate, whereby some catchments of the Danube and near the Danube change their category from balanced to both balanced and unbalanced.



For the far future, an even more severe shift of regime classes is found (see Figure 11). Almost all catchments in the Alpine Foreland except for two Inn gauges turn into pluvial or nivo-pluvial regimes. From the (glacio-)nival class, only the Oetztaler Ache remains. The former nivo-pluvial regimes around Lake Chiemsee change to pluvial regimes. The number of catchments within the (glacio-)nival, nival transition and nivo-pluvial classes further decreases to 22. The unbalanced pluvial regime class (Region 5) becomes the dominant regime class with 61% of all catchments.



In sum, 42 of 98 catchments shift their regime class compared to the reference period, which amounts to 43%. From the mid to far future, the most severe change is found. In comparison to 2041–2070, 30 catchments change their respective regime class, which equals 31%.



As the Pardé coefficient is normalized with the annual mean, initially, these severe shifts in the regime can be interpreted as seasonal shifts only. In order to also allow an absolute interpretation of these shifts, the course of the mean flows for each region between 1981 and 2099 is presented (cluster classification of the reference period; see Figure 12). The mean flow is presented relative to the mean flow of 1981 averaged over all members for each cluster. The spread of the single-member, single-catchment courses shows the large variability, which is introduced by the 50-member climate ensemble. The shaded colored areas refer to the inner 80% of members aggregated for the regime class. For the (glacio-)nival category, a constant increase in mean flow between 1981 and 2099 is expected due to glacier melt, which equals an increase by 20% until the far future. All other four classes reveal decreasing mean flows. The nival class shows a small decline by 6% until 2071–2099. For the nivo-pluvial category a decrease by 17% is found. The pluvial classes show a higher variability as they contain more catchments. The mean flow of the Region 4 pluvial class decreases by 19% and the mean flow of the Region 5 pluvial class shows the most severe decrease of 22% until the far future. The class of Region 6 is only represented by 23 single-member, single-catchment regimes. Their mean flow decreases by 18% on average until 2071–2099.



The variability of annual mean flows introduced by the spread of the 50-member large ensemble can also be expressed with the coefficient of variation (CV). The CV is defined as the standard deviation normalized by the mean. In Table 2, we present the CV of the mean 30-year MQ for the reference and the three future periods, whereby the CV of all contributing catchments is averaged for the respective region. The values illustrate that the variability of individual extreme years (Figure 12) is filtered out by averaging the mean flows over 30 years. Nevertheless, coefficients of variation between 2% and 8% are shown, with a steady increase in variability projected for the future periods.




5. Discussion


5.1. Advantages of the Clustering Approach


The application of hierarchical clustering on a large ensemble of Pardé coefficients enables a robust classification. The driving climate just differs by internal variability, and due to that also the simulated runoff regimes vary. As the driving climate has a big impact on the runoff regime, the most extreme members at the edges of the ensemble in terms of rainfall, snowfall and air temperature would lead to a different categorization for some catchments. Hence, the broad database of 1500 years simulated runoff per 30-year period ensures that individual extreme members do not distort the classification. Furthermore, this approach allows catchments to be assigned to more than one regime category. This shows the variability of the flow regime according to its driving climate. As hydrological systems behave non-linearly, the internal variability of the climate system leads to an internal variability within the flow regimes. This can be represented by shared categories.



Pardé [12], Grimm ([85] for Europe) or subsequent studies (Mader et al. [86] for Austria) suggested a categorization of regimes for different regions based on the timing and order of the monthly maximum and minimum coefficients. Since runoff regimes represent a dynamical system [87], these kinds of rigid categorization would lead to non-representative classification results, especially for catchments, where the peak of mean flows is not pronounced [56].



In contrast, the agglomerative hierarchical clustering featuring the complete linkage algorithm uses the Euclidean distance to cluster the regimes, which includes the whole course of the regime, not only the position of the peaks. In our case, region 4 shows a mixed regime without pronounced peaks and sinks, as it is driven by southern tributaries with nival or nivo-pluvial regimes as well as by the rainfall regime, which directly affects the catchment. The clustering algorithm includes the seasonal runoff information of all 12 months leading to a robust classification, which is also represented by the spatial distribution of region 4 in Figure 4. Furthermore, the pluvial regimes of regions 5 and 6 show a similar timing of the peak and sink. The classical categorizations of Pardé [12], Grimm [85] or Mader et al. [86] would have included both classes in one category. Though, the Euclidean distance of regions 5 and 6 causes the hierarchical clustering algorithm to divide both classes. As region 6 shows a very pronounced sink during July to October (Figure 6) and the mean flow in this region decreases (Figure 12), it is important that the categorization reflects this behavior.



Moreover, the choice of the number of clusters is objectively determined by the use of the set of indices by Charrad et al. [77]. Hence, the whole procedure of selecting the number of clusters, creating the classes and analyzing the regime changes due to climate change are only driven by the data and are therefore objective and generally applicable in any region of the world.



Therefore, this classification method is on the one hand more flexible than methods focusing on the peaks only and on the other hand this method is nonarbitrary [56].




5.2. Socio-Economic Impacts of the Runoff Regime Change in Bavaria


The changes in the runoff regime impact several socio-economic sectors as well as the ecology of the river and its surrounding areas [16]. In order to assess the ecological impact, river basins would have to be considered individually and other factors such as changes in water temperature, chemical composition, flood frequency and low water frequency would have to be additionally taken into account.



Therefore, we discuss possible socio-economic impacts in the following. Generally, changes in the hydrological regime have the potential to increase competition over water, as the availability of water changes in terms of time and quantity [3]. Therefore, sustainable water resource management has to adapt not only to the physical changes, which are projected within this study, but also to socio-economic shifts in land and water use.



One of these possible changes relates to the water use for irrigation. In Bavaria, which covers big parts of the study area, there are 93,300 forestry companies and agricultural enterprises growing cereals, vegetables, grapes and hops, producing fodder for livestock and keeping dairy cattle and livestock (status: 2013 [88]). During the past decades, only 1% of all agricultural land in Bavaria was irrigated regularly and officially [89,90]. The need for irrigation was mainly dependent on the crop, with predominantly various vegetables and potatoes being irrigated. Due to rising evapotranspiration and less rainfall during the summer (see Figure 7), the water demand for irrigation is expected to increase drastically [91,92]. In the study area, especially the cultivation of maize and vegetables, such as potatoes, cabbage, carrots and onions will be affected by the decline in summer precipitation leading to increasing irrigation demands. In the catchments north of the Danube, the dry and hot summer of 2018 has already induced many farmers to irrigate their fields. Irrigation water is drawn from groundwater or from riverbanks by wells, or it is directly pumped from reservoirs, lakes and rivers [88]. Since groundwater levels are expected to fall [93] and the mean flows during summer decrease in the pluvial regime classes (Figure 7), there is an increasing risk of irrigation water scarcity.



Hydropower contributes 14.4%, equaling 12.2 TWh, to the power generation in Bavaria (status: 2017, [94]). Most of the hydropower plants are located at the southern tributaries to the Danube, the Danube itself and the river Main [95]. The seasonality of the runoff regime has a big impact on run-of-river power plants as they are dependent on the actual runoff, whereas reservoir power plants can bridge low-flow periods by damming up water. The hydropower plants at the Main as well as around 70% of the power plants of the Danube tributaries are run-of-river power plants [20]. As the amount of generated power can be expressed as approximately linearly dependent on the runoff volume [20], we can include the changes in seasonality (Figure 7) and the course of mean flows (Figure 12) to estimate the impact on seasonal hydropower power generation. For the hydropower plants in the pluvial regions, the potential for power generation sinks severely during the second half of the year due to lower mean flow periods. However, the hydropower plants, which are located closer to the Alps in the nival regions, show a more balanced power generation potential in the future as increasing rainfall and decreasing snow storage during the winter ensure an even flow seasonality. Though, the annual power generation is projected to decrease according to the mean flows (Figure 12). These findings tie in with the results of the study of Koch et al. [20], which focuses on the hydropower in the Upper Danube basin.



Fossil fuel-based power plants, such as coal-, gas-, waste- and oil-fired as well as nuclear plants also demand water in order to cool down the steam in the condenser. The biggest power plants in the study area are located at the larger rivers, the Danube, Isar and Main. Their water demand is dependent on the power plant utilization, but also on the meteorological conditions [21], whereby at a constant utilization more cooling water is needed during the summer. The decline of annual mean flows and seasonal mean flows during the second half of the year in pluvial regimes should be considered when power plants are managed. However, due to the nuclear and coal phaseout in Germany until 2022 and 2038 [96,97], the effect on power plant cooling due to regime changes are unlikely to have big impact by the mid or far future.



The inland waterway transport in the study area is mainly focused on the federal waterways Main and Danube and their interconnection, the Main-Danube canal, with a cargo handling of 6–15 Mt/a during the last 30 years [98]. Conditions of lower flow reduce the possible maximum draught of vessels, which thereby decrease the efficiency of inland water transport [24]. Furthermore, the risk of grounding and collisions rises due to reduced depth and width of the fairway. The analysis of the mean flows does not include any extreme low-flow conditions, but the trend of decreasing mean flows between August and October at the rivers Danube and Main may cause limitations for the shipping. For all gauges along the German federal waterways, the mean flow of August to October decreases by 21%, 25% and 44% on average until the near, mid and far future, respectively. Further analysis of extreme low-flow events is necessary to assess the frequency and duration of periods, where navigability is not only reduced, but severely affected or even completely restricted.





6. Conclusions


The WaSiM-LE, a large ensemble of hydrological simulations, which is driven by the regional climate simulations of the CRCM5-LE, is used to categorize runoff regimes in hydrological Bavaria. The application of a large ensemble for this analysis provides added value as the 50 members cover a range of climatic internal variability representing the dynamical characteristics of runoff regimes. This leads to a broad database of regimes per catchment and time period, which enables a robust clustering analysis. In the study area, six regime classes are found for the reference period: (glacio-)nival, nival (transition), nivo-pluvial, pluvial (balanced), pluvial (unbalanced) and a second, more unbalanced pluvial class.



The CRCM5-LE featuring the high-emission scenario RCP 8.5 shows major changes in the driving climate for all future periods. The findings of earlier snowmelt, less snowfall, more evapotranspiration and a changing rainfall regime towards the future tie in with the results of other local and regional studies. Due to these severe impacts of climate change on the water cycle, a shift of the regime class is found for 8%, 23% and 43% of the catchments until the near, mid and far future, respectively. Until 2070–2099, no kind of nival regime will persist in the Alpine Foreland except for two gauges of the river Inn. The sinks during summer of all regimes north of the Alps become more pronounced for each future period resulting in a big increase of the unbalanced pluvial region 5. This class shows a very distinct seasonal behavior with Pardé coefficients around 0.2 during August to October in the far future.



The change of the seasonal mean flows will be a major challenge for water management and will have a big impact on stakeholders in the respective catchments. We discussed impacts on the water supply for irrigation, the industrial water demand, and the navigability of waterways. Especially for run-of-river hydropower plants located in catchments in a pluvial regime class, the more pronounced seasonality with decreasing mean flows in the second half of the year will lead to severe losses in the potential of power generation.
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Figure 1. Elevation of the study area [58]. The study area is marked as red line and the violet dashed line denotes the political border of Bavaria. 






Figure 1. Elevation of the study area [58]. The study area is marked as red line and the violet dashed line denotes the political border of Bavaria.



[image: Water 12 01599 g001]







[image: Water 12 01599 g002 550] 





Figure 2. Schematic representation of the hydrometeorological model and processing chain. 
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Figure 3. KGE for all 98 catchments in hydrological Bavaria during the reference period (1981–2010). 
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Figure 4. Six regime classes are produced by the hierarchical clustering of the 50 members for each of the 98 catchments in hydrological Bavaria during the reference period (1981–2010). 
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Figure 5. Pardé coefficients for the reference period 1981–2010. The coefficients calculated with measurements are marked as solid line, whereas the dashed lines represent WaSiM-ETH simulations driven by observational meteorological data. The colored lines show the mean for each region and the gray lines show every single catchment. 
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Figure 6. Pardé coefficients for the reference period 1981–2010 are calculated on the basis of all 50 members of the WaSiM-LE (gray lines). The colored lines show the regional mean for each cluster. 
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Figure 7. The regional mean Pardé coefficients during the reference period, near, mid and far future. Shaded areas represent the range of all catchments within each cluster class. 
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Figure 8. Components of the water cycle simulated by the WaSiM-LE for the reference period, near, mid and far future (same color signatures as in Figure 7). The lines represent the regional mean over the catchments of each cluster class (weighted by the area of the catchment) and the shaded areas show the range of all catchments within the cluster. 
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Figure 9. Hierarchical clustering of the mean regime of the 50 members of each catchment during the near future (2011–2040) into the cluster classes of the reference period. 
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Figure 10. Hierarchical clustering of the mean regime of the 50 members of each catchment during the mid-future (2041–2070) into the cluster classes of the reference period. 
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Figure 11. Hierarchical clustering of the mean regime of the 50 members of each catchment during the far future (2071–2099) into the cluster classes of the reference period. 
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Figure 12. Annual MQ for each region relative to the average MQ of 1981 (mean over all catchments of the cluster). Gray lines denote every member of each catchment. The colored line shows the mean of all members and catchments per region. The colored shaded area corresponds to the range between the 10th and 90th percentile of each cluster. 
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Table 1. Number of catchments within cluster classes for the reference (REF), near future (NF), mid future (MF) and far future (FF) periods.
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	Class
	1
	1/2
	2
	2/3
	2/3/4
	3
	3/4
	3/5
	4
	4/5
	5
	5/6





	REF
	4
	0
	23
	0
	0
	8
	0
	0
	18
	5
	39
	1



	NF
	4
	0
	18
	1
	0
	6
	2
	0
	18
	6
	42
	1



	MF
	1
	1
	18
	0
	0
	8
	0
	1
	13
	11
	44
	1



	FF
	1
	0
	14
	0
	1
	5
	0
	1
	5
	8
	60
	3
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Table 2. Coefficient of variation of the mean 30-year MQ within cluster classes for the reference (REF), near future (NF), mid future (MF) and far future (FF) periods.
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	Region 1
	Region 2
	Region 3
	Region 4
	Region 5
	Region 6





	REF
	4.90%
	2.01%
	2.73%
	3.60%
	5.13%
	6.05%



	NF
	6.40%
	2.80%
	3.71%
	4.70%
	6.68%
	7.12%



	MF
	6.84%
	3.00%
	4.27%
	5.82%
	7.26%
	6.87%



	FF
	7.40%
	3.01%
	4.61%
	6.35%
	7.78%
	7.39%
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