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Abstract: Fluvial flood risk originates from manifold natural and societal processes in a kind of “flood risk system”. This system underlies a dynamic due to autonomous trends and random changes. Furthermore, it is exposed to controllable alterations. The paper presents a comprehensive approach for analyzing the long-term dynamic of such systems based on most recent modeling results from the trans-national Elbe River basin in Central Europe. One major aspect is the coupled modeling ranging from regionalized climate change projections to a damage model. Furthermore a specific scenario planning approach is realized considering climate, demographic, economic and land-use change and a number of risk reduction options. Results of the ex ante scenario analysis in principle reflect both eleatory and epistemic future uncertainties.   
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1. Introduction
Climate and societal change is supposed to significantly influence future flood risks. A warmer atmosphere can lead to increasing flood hazards, whereof demographic and land-use growth is a driver for rising vulnerability. However, future impacts on flood risk involve considerable uncertainty for long-term assessment and management. On the one hand, the number of relevant processes is huge; on the other hand future change is difficult to anticipate. Eleatory and epistemic uncertainty in particular depends on the ability to deal with the system dynamics. Especially on the scale of large river basins, system analysis is a challenge in terms of appropriate methods and data.
The paper presents an approach for analyzing the long-term dynamic of a fluvial flood risk system and most recent modeling results from the trans-national Elbe River basin in Central Europe as an example. The basin has a size of 148,268 km² and 1,091 km river length. It stretches across Austria, the Czech Republic, Poland and Germany. The overall objective is to show how to comprehensively analyze such a system with its future change and risk reduction options as basis for flood risk management strategies. This should cover both the most important elements and processes of the system as well as the methodological requirements for its description. Hereby also the major areas of uncertainty need to be distinguished.  
2. Understanding and modelling the flood risk system

Flood risk is understood as the probability of negative consequences and originates from the features and the probability of the flood hazard as hydrometerological event and the social, economic and environmental flood vulnerability of the society (Schanze 2006). It can be described by a simple source-pathway-receptor-consequence concept like it is used for other branches of disasters science. For fluvial flood risks the source represents the rainfall-runoff process, the pathway the flood propagation in the river network till it strikes the receptors in the flood-prone area, the receptor all kinds of elements at risk, and the consequence the social, economic and environmental impacts. A more detailed view on this cascade led to the formulation of a fluvial “flood risk system” which is supposed to cover all relevant elements and processes for the generation of flood risk. 
A flood risk system is an open system and characterized by real-world complexity. It therefore cannot be treated by a thermodynamic approach simulating the system dynamics. Instead major elements and processes need to be identified separately and described in an integrated manner. The consideration of the system dynamics accordingly is restricted to assumptions on the future states of system elements that influence the flood risk. These triggering elements here are designated as factors of flood risk. The factors can be categorized referring to their origin as natural (e.g. catchment size) or societal (e.g. land use). To deal with future developments, it is important to identify the potential dynamic of each factor. Hereby the following types of dynamic can be distinguished:

· Autonomous change as trend due to internal or external drivers (e.g. climate change impacts on precipitation);

· Random change due to unforeseeable processes particularly resulting from limited understanding of factors (e.g. pre-event weather conditions); and,

· Controllable alteration due to risk reduction interventions (e.g. dike).
One factor can be assigned to more than one of these types. For instance, land use underlies the process of demographic change and at the same time can be governed by restrictions such as building bans. The study indicated 113 generic factors of a fluvial flood risk systems of which 39 are determined by an autonomous change, 23 are expected to perform with random change and 37 are classified as controllable (multiple mentions). 
To represent the flood risk system for the Elbe River basin, several models have been coupled (see Figure 1). LISFLOOD is used as 5 km (1 km) grid rainfall-runoff model for the entire basin (Wagner 2009). It is coupled with the 1d water level prediction system WAVOS (Burek & Rademacher 2007). The latter uses cross-sections every 100 m and serves for routing the flood wave through the German Elbe River course. The 2d hydrodynamic-numerical Surface Water Modeling System (SMS) is nested at large urban areas and river stretches with a potential for flood retentions measures such as flood polders (Carstensen et al., 2007). Either WAVOS or SMS provide the water levels and other features of the flood wave for the flood damage simulation model HOWAD (Deilmann et al., 2008). The new model is based on precise depth-damage functions with a decimeter resolution derived from detailed analyses of reconstruction needs for individual building types. Hence, it enables damage calculations even for minor changes of the water level. To support the hydraulic simulation of flood polders, a Modifiable Digital Terrain Model (MTDM) has been developed which affords dike extraction and insertion (Krüger & Meinel 2008).   

All in all the coupled models represent 47 factors for describing the flood risk system. Not all of them are treated according to their potential dynamic. Reasons for that are model constraints and data availability. However, there could be an inclusion of further models on e.g. sediment transport, toxicological risks, social risk and health impacts. Within this study additional tools have been developed for multi-criteria evaluation of the suitability of floodplain patches for enhancing the retention capacity by additional flood polders (Vogel & Thinh 2007, Vogel 2008) Moreover, an extreme value statistics approach complements the description of defined states of the flood risk system with the probability or frequency of hazardous events as prerequisite for the determination of flood risks (Schmidt 2009). The approach allows for an automatic probability analysis for each cross-section of the German Elbe River also including future climate projection and their realization.
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Figure 1: Coupled models for analysis the flood risk system of the Elbe River (Schanze 2007)
3. alternative future developments
Eleatory uncertainty of the system dynamics can be addressed by applying the scenario planning approach. To ensure consistency over all factors, comprehensive narrative storylines serve as a kind of conceptual umbrella for all assumptions on the autonomous factors (see Figure 2). In this study we adapted the discriminate-axes approach as used e.g. for the SRES scenarios (Nakićenović et al., 2000) to define alternative future developments of the Elbe region. Based on this, firstly detailed assumptions have been derived from own or third party explorations on autonomous trends. Secondly, random changes have been formulated for a number of factors and groups of factors. Based upon this, controllable alteration options have been identified and combined into portfolios of risk reduction measures. These strategic alternatives are not strongly related to the scenarios to allow for their testing under different conditions. 
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Figure 2: Storylines for the Elbe region based on the discriminate-axes method (Luther 2008)

Autonomous trends are considered for climate, demographic, economic and land-use change. As far as climate change is concerned, the statistical STAR (PIK Potsdam) and the dynamic REMO (MPI Hamburg) downscaling approaches are used in parallel. Both approaches rest on the global circulation model ECHAM5. For STAR there are 100 realizations per scenario, for REMO only 1 per scenario. Projections range to 2055 (STAR) or 2100 (REMO) respectively. The temporal resolution is daily for STAR and hourly for REMO. The spatial resolution of STAR is based on approx. 400 stations within the Elbe catchment excluding buffer zones, while REMO uses a 0.088° raster (approx. 10x10 km). Several precipitation patterns in the REMO baseline scenario (re-analysis) hardly differ from the STAR baseline scenario. The latter meets the measurements rather good after some corrections. Figure 3 illustrates epistemic uncertainty based on regional differences between mean annual precipitation values of REMO and STAR for the baseline. Especially in [image: image3.emf] 
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flood generating areas, the values for REMO appear much too small.
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Figure 3: Comparison of downscaling mean annual precipitation (1951 – 2000) with REMO and STAR (Wagner 2009)
Random changes are treated particularly for pre-event and event characteristics (e.g. the course of weather events), control variants for flood polders, point in time when the flood hits the receptor, and the location of dike breaches. The latter are defined applying a random generator. The effects of all random changes are investigated in working scenarios. Selected changes are then considered as boundary conditions for all scenarios.  

Controllable alteration options include the design of flood polders and their operation, dike relocations, land-use management by building bans or other restrictions, as well as flood proofing measures. Flood polders represent an effective option to reduce water levels and discharge supra-regional especially during extreme floods. Their performance depends on the site-specific retention capacity as well as on the non-stationary hydrograph in the river itself. Figure 4 give an example how flood polders are designed and nested in the modeling approach. For the combination of such polders and other individual options to portfolios of measures as strategic alternatives, guiding principles are applied such as “resilience” or “resistance”.
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Figure 4: Example of coupled 2d hydrodynamic numerical model for simulation of retention effects caused by a flood polder (Carstensen et al., 2007)

4. Ex-ante analysis of the futUre flood risk System
A coordinated and comprehensive ex-ante analysis and evaluation of the scenarios linking them with risk reduction interventions is under way. It draws upon a consistent data flow throughout all coupled models and is dedicated to address mainly four questions:

· How may flood risks change according to different scenarios of the flood risk system assuming the current flood risk management practice?
· How effective are different strategic alternatives considering the same scenario of the flood risk system?

· How robust performs a pre-selected strategic alternative under the conditions of different scenarios of the flood risk system?
· How strong is the influence of model uncertainty on the calculated flood risk - with a special emphasis on the downscaling of climate change projections?  
As follows, preliminary results of the calculations are shown for the impacts of climate change on the flood hazard and the flood damage to buildings. 

4.1 Impacts of climate change on the flood hazard

Downscaling results from STAR and REMO are used to calculate the peak discharge of the Elbe River with the coupled LISFLOOD and WAVOS models. Analysis with extreme value statistics subsequently leads to longitudinal sections for certain recurrence intervals. Figure 5 presents the example of the peak discharge for a 200 yrs recurrence interval for the generalized extreme value distribution (GEV). It has been derived from the A2 scenario of STAR applying 100 realizations. As it can be seen, the median remains under the measurements. Only a few realizations exceed the baseline. Differences appear between the upstream and the downstream stretches of the Elbe River. It is difficult to indicate any trends within the 52 years time horizon despite they are slightly visible in individual realizations. However, even the analysis of decades results in minor differences in the distribution functions only. 
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Figure 5: Discharge for STAR A2 scenario with return period 200 yrs (Schmidt 2009)

4.2 Impacts of climate change on the flood damage to buildings 
The simulation of the climate change impacts on the sources and pathways can then be used to quantify their consequences for the receptors. The HOWAD model provides the prerequisites for according calculations based on detailed information on building types and their reconstruction costs for different water levels on a decimeter scale (Deilmann et al., 2008). Resulting depth-damage functions accordingly are type-specific and therefore lead to a high spatial resolution and accuracy of damage estimations. Figure 6 shows an example from the floodplain of the Elbe River near Dresden. It can be seen that the damage is a function of both the building type and the water level. A further elaboration of these findings in a risk analysis for multiple scenarios and recurrence intervals will be available soon.         

Figure 6: Building damage due to discharge of STAR A2 scenario with return period 200 yrs 
(Deilmann et al., 2008)

5. Conclusions for Flood Risk Managment 

The overall concept of the study can be seen as a step towards a comprehensively and dynamically consideration of flood risks. Preliminary results show that even on the scale of a large river basin specification of dynamic elements and a calculation of resulting processes can be realized. Eleatory uncertainty regarding the future development of the risk system can be treated by applying the scenario planning approach. Epistemic uncertainty propagates through the entire model cascade starting from the choice of the GCM, continuing with the downscaling approach and spreading through the hydrological, hydraulic and damage models. This will be reflected during the completion of the study by presenting uncertainty bands. 

The approach provides much flexibility for exploring alternative developments by decision makers. In this respect the four questions for the ex-ante analysis are important for decision support. Particularly the evaluation of the robustness of strategic alternatives under different scenarios provides a valuable means of dealing with eleatory uncertainty. To facilitate the use of the modeling results, they are currently implemented in a user-oriented DSS tool based on the ArcGIS Server software. The tool will enhance the capacity of multiple decision makers to apply a strategic planning approach as part of an adaptive flood risk management policy (cf. Hutter 2007). 
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