
 
 

1 
 

It could have been much worse: spatial counterfactuals of the 
July 2021 flood in the Ahr valley, Germany 
 
Sergiy Vorogushyn1, Li Han1, Heiko Apel1, Viet Dung Nguyen1, Björn Guse1,2, Xiaoxiang Guan1, Oldrich 

Rakovec3,4, Husain Najafi3, Luis Samaniego3,5, Bruno Merz1,5 5 

 
1 Section Hydrology, GFZ Helmholtz Centre for GeosciencesGFZ German Research Centre for Geosciences, 
14473 Potsdam, Germany  

2 Department Hydrology and Water Resources Management, Kiel University, 24098 Kiel, Germany  

3 Department Computational Hydrosystems, Helmholtz Centre for Environmental Research – UFZ, 04318 10 
Leipzig, Germany 

4 Faculty of Environmental Sciences, Czech University of Life Sciences, 16500 Prague, Czech Republic 

5 Institute for Environmental Sciences and Geography, University of Potsdam, 14476 Potsdam, Germany  

Correspondence to: Sergiy Vorogushyn (sergiy.vorogushyn@gfz-potsdam.de) 

 15 

Abstract. After a flood disaster, the question often arises: “What could have happened if the event had gone 

differently?” For example, what would be the effects of a flood if the path of a pressure system and the 

precipitation field had taken a different trajectory? In this paper, we use alternative scenarios of precipitation 

footprints shifted in space, the so-called “spatial counterfactuals” to generate plausible but unprecedented events. 

We explore the spatial counterfactuals of the deadly July 2021 flood in the Ahr Valley, Germany. We drive a the 20 

mHM hydrological model of the Ahr catchment with precipitation fields of this event systematically shifted in 

space. The resulting discharge is used as a boundary condition for thea high-resolution two-dimensional 

hydrodynamic model RIM2D calibrated and validated for this area. We simulate changes in peak flows, 

hydrograph volumes, maximum inundation extent and depths and affected assets and compare them to the 

simulations of the actual event. We show that even a slight shift of the precipitation field by 15-25 km eastwards, 25 

which does not seem implausible due to orographic conditions, causes an increase in peak flows at the gauge 

Altenahr of about 32 % and of up to 160 % at the individual tributaries. Also, significantly larger flood volumes 

of more than 25 % can be expected due to this precipitation shift. This results in significantly larger inundation 

extents and maximum depths at a number of analyzed focus areas. For example, in the focus area around 

Altenahr, the increase of mean and maximum depth of up to 1.25 m and 1.75 m, respectively, is simulated.  The 30 

presented results should encourage flood risk managers as well as the general public to meet precautionary 

measures for extreme and unprecedented events. 

1. Introduction 

On 14-15 July 2021, an exceptional flood event struck a vast region in western Germany, Belgium, Luxemburg 

and the Netherlands, causing more than 230 deaths and total economic loss of up to 50 billion euro (Szöni et al., 35 

2022). In Germany alone, more than 180 people lost their lives and loss estimates range between 35 and 40 

billion euro. The Ahr river valley in the Eifel mountains was a hotspot of flood impact with 134 deaths and two 
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people still missing (DKKV, 2022). This is the highest human life loss due to a flood catastrophe in Germany 

since the storm surge in 1962 in Northern Germany. 

In the first half of July 2021, a low-pressure system formed over the Northern German Plains resulting in a 40 

southwestward air flow strongly enriched with moisture from the Baltic Sea and the North Sea (Mohr et al., 

2023). As a result, precipitation sums of up to 150 mm were recorded within 15 to 18 h in parts of the Ahr 

catchment. Using the hourly radar-based RADOLAN data (Weigl and Winterrath, 2009, Winterrath et al., 2018) 

and the daily station-based HYRAS dataset (Rauthe et al., 2013), Mohr et al. (2023) estimated the return period 

of precipitation in the order of 500 years in parts of the Ahr catchment. Kreienkamp et al. (2021) and Tradowsky 45 

et al. (2023) estimated a return period of about 400 years for daily precipitation sums in the period from April to 

September by pooling the HYRAS data over a larger region between the North Sea and the Alps. This heavy and 

intense rainfall resulted in an extreme catchment response, with strong field evidence for massive overland flow, 

where ephemeral drainages in forests and grassland turned into concentrated streams (Dietze et al., 2022). The 

rapid water rise within a few hours led to unprecedented water levels of up to 10 m exceeding the instrumental 50 

record since 1947 and the historical water marks since 1804. The gauges Altenahr and Müsch (Figure 1) were 

destroyed, so no discharge could be recorded instrumentally. The post-event peak flow reconstructions at gauge 

Altenahr range from 750 to 1100 m3 s-1. Roggenkamp and Herget (2022) suggested a peak flow of 1000 m3 s-1 

and higher based on the recorded wrack marks, surveyed topography and the application of Manning’s equation 

with typical roughness values. The model-based flow reconstruction by Berker et al. (2022) resulted in 55 

somewhat lower values between 750 and 1000 m3 s-1, partly considering the backwater effect due to clogging of 

several bridges. The reconstructed peak flow exceeded the highest instrumental record of 236 m3 s-1 in 2016 by 

three to more than four times. It reached about the same level as the reconstructed peak flow of the 1804 summer 

flood, for which a few historical high-water marks are available (Roggenkamp and Herget, 2014). Remarkably, 

the water levels during the 2021 flood exceeded those of 1804 by more than 2 m (Mohr et al., 2023), probably 60 

due to the aforementioned bridge clogging and resulting backwater effects, but also due to denser settlements 

and higher macroscopic roughness at present time. Considering the historical floods of 1804, 1888, 1910, 1918, 

1920 and recent instrumental records, Vorogushyn et al. (2002) estimated the local return period at gauge 

Altenahr of more than 8500 years based on the peak flow reconstruction by Roggenkamp and Herget (2022). 

Due to limited records, the very high skewness of the timeseries and the poor fit of the statistical model to the 65 

extremes, the return period estimates are associated with very high uncertainties.  

The likelihood and intensity of extreme floods as in July 2021 can increase in a warmer climate due to increased 

heavy precipitation. Deploying ensembles of regional and global climate models, the extreme event attribution 

studies of Kreienkamp et al. (2021) and Tradowsky et al. (2023) suggested an increased likelihood of the 

observed maximum 1-day precipitation to occur in the present climate compared to the pre-industrial state (1.2 70 

°C cooler) by a factor of 1.2 – 9. A further increase in the likelihood by a factor of 1.2 – 1.4 is suggested in a 2 

°C warmer climate compared to the pre-industrial state. The maximum 1-day precipitation intensity was 

suggested to increase by 3.8 – 25%. The estimation by Ludwig et al. (2023) with an increase of 11 – 18% in 

event precipitation totals in the region around the Ahr catchment for the +2 °C climate falls within the above 

range estimated by Kreienkamp et al. (2021) and Tradowsky et al. (2023). Ludwig et al. (2023) used the pseudo 75 

global warming approach (Schär et al., 1996), in which the temperature changes corresponding to the fixed 

warming level of +2 °C are prescribed at the initial and lateral boundary conditions of a regional climate model. 
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They further analyzed the hydrologic response of the Ahr catchment to higher precipitation in a +2 °C warmer 

climate with a distributed hydrological model. The projected increase in peak flows of up to 39% at gauge 

Altenahr is alarming and underlines the non-linearity of the hydrologic catchment response. 80 

The severity of the July 2021 flood disaster, but also the adverse potential future changes, call for a set of actions 

to improve flood risk management and climate adaptation in the catchment communities. Besides the 

reassessment of flood design values used for flood hazard mapping and infrastructure planning, i.e., in the range 

of 30 – 200 y return periods, it is highly valuable to explore extreme and unprecedented scenarios that have not 

been observed in the past but may occur in the near future (Montanari et al., 20243, in review). Kreibich et al. 85 

(2022) concluded from a study of 45 paired subsequent extreme events (floods and droughts) that risk 

management in general reduces the impacts of a second event in the same area. Societies however face 

difficulties in reducing the impacts of unprecedented events if the magnitude of the second event exceeds past 

experience. The water-proof design for all possible unprecedented scenarios is not possible and too costly. 

However, some actions can be taken with small additional effort and cost that unfold pivotal effects when 90 

unprecedented scenarios are put on the mind map of decision makers. Flood-prone people and crisis managers 

need to be prepared for such situations to reduce at least the most harmful consequences such as death toll. 

Critical infrastructure, e.g., local crises centers, need to be located outside of the potentially affected areas to 

ensure their functionality during catastrophic situations.  

There is a plethora of approaches to constructing scenarios of exceptional events (Merz et al., 2021). A standard 95 

approach relies on the extrapolation using extreme value statistics and estimating high return period floods, 

which may or may not have occurred in the past in the specific catchments. For example, Apel et al. (2004) 

upscaled the averaged observed hydrographs from the past floods to the peak flows extrapolated up to 10,000 

years from extreme value statistics. These scenarios were used to estimate flood risk along the Rhine River in 

Germany. In the Ahr valley, Vorogushyn et al. (2022) estimated the 1,000-year flood and analyzed the 100 

associated inundation based on extrapolating the GEV distribution considering historical floods. Extrapolations 

based on extreme value statistics suffer well-known limitations rooted in the limited sample size, selection of a 

statistical model and parameter estimation procedure (e.g. Hu et al., 2020). Furthermore, extreme floods are 

often different from small floods in terms of the atmospheric, runoff generation and river network processes, so 

the extrapolation may not be valid, see Merz et al. (2022) for discussion. To partly overcome this limitation, 105 

stochastic weather generators can be used in combination with hydrological models to continuously simulate 

long-term series of events which include unprecedented events (e.g., Falter et al., 2015, Viviroli et al., 2022). 

Another set of approaches includes the estimation of probable maximum precipitation (PMP) and associated 

probable maximum floods (PMF). The World Meteorological Organization (WMO) provides guidelines for 

estimating PMP containing several methods (WMO, 2009). PMP is typically estimated for storms of various 110 

durations for a specific catchment by applying theoretically grounded maximizations to the storm parameters. 

Various approaches can be used for the spatial and temporal representation of the PMP in a specific catchment 

and for the computation of the resulting PMF (Felder and Weingartner, 2017). Recently, approaches have been 

developed to adjust PMP estimates for non-stationary climate based on information from physically-based 

climate models (Chen et al., 2017, Visser et al., 2022).  115 
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The climate community proposed the future weather or storyline approach, in particular to explore the evolution 

of extreme weather events and their impacts under future climate conditions (Hazeleger et al., 2015, Shepherd, 

2018). To this end, the past synoptic-scale extremes are imposed onto perturbed boundary conditions in climate 

models, e.g., changed atmospheric composition, land use and/or sea surface temperature. Following this 

approach, Manola et al. (2018) imposed a heavy summer precipitation event in July 2014 over The Netherlands 120 

onto the present and future climate conditions in a high-resolution convection-permitting numerical weather 

prediction model. The precipitation event generated in this way for future climate conditions unfolds a displaced 

pattern with an increase in precipitable water per degree of warming of nearly double the Clausius-Clapeyron 

rate. The above-mentioned pseudo global warming simulations by Ludwig et al. (2023) can also be regarded as a 

type of future weather or storyline approach. 125 

A fourth approach for developing extreme scenarios is the construction of so-called “perfect storms”. The term 

“perfect storm” denotes an unfavorable superposition of several factors or phenomena that lead to an 

unprecedented event, whereas these phenomena have previously occurred in isolation (Paté-Cornell, 2012). The 

term refers to a severe storm that occurred over the North Atlantic in October 1991 as a conjunction of a storm 

over the US, a cold front from the north and a tropical storm from the south (Paté-Cornell, 2012). In hydrology, 130 

an example of  a “perfect storm” would be a scenario with an unfavorable superposition of extreme antecedent 

catchment conditions and extreme precipitation that occurred in isolation, but not in combination. To the best of 

our knowledge, there is only one study in the hydrological literature that recombined historical snowpack with 

design precipitation events in Sweden for estimation of design floods for dams and spillways (Bergström et al., 

1992). 135 

Finally, past events can be explored by analyzing event properties and processes that could have been worse. 

This approach, introduced to natural hazards by Woo (2019), provides so-called downward counterfactual 

scenarios. Downward counterfactuals contrast with upward counterfactuals where things turn for the better. In 

general terms, counterfactual refers to a possible realization of a past event, upward or downward. Spatial 

counterfactuals can be defined as a special case of counterfactuals, where the past events are shifted in space. 140 

Spatial counterfactuals are an intuitive approach to explore the possibility of unseen and exceptional events in a 

specific area. Merz et al. (2024) pioneered this concept for flood hazard assessment and explored alternative 

scenarios of the 10 most damaging floods in Germany. By shifting precipitation fields by several tens of 

kilometers in space, they explored changes in return periods of peak flows generated by a hydrological model. In 

a similar vein, Voit and Heistermann (2024a, in review) generated spatial counterfactuals from the 10 most 145 

severe high precipitation events in 2021-2022 and combined them with more than 22,000 sub-catchments in 

Germany. The analysis of more than 220,000 combinations resulted in many unprecedented floods across 

Germany. The results, however, are based on the strong assumption that any of the past high precipitation events 

could occur anywhere in Germany. 

Flood hazard and risk assessment has tremendously advanced in the past decades. The European Union Member 150 

States have implemented nation-wide flood hazard mapping, as enforced by the EU Flood Directive (EU, 2007). 

In Germany, inundation hazard is mapped for a low return period flood (~10 – 20 yr), a high return period event 

(100 yr) and an extreme scenario (200 – 1000 yr) with some variation between the federal states (Vorogushyn et 

al., 2022). Similar return periods of 30, 100 and 300 years have been used in Austria (Blöschl et al., 20234). 

However, exceptional floods exceeding even the mapped extreme scenario continue to occur, such as the July 155 
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2021 flood in the Ahr valley and as the 2002 and 2013 floods in the Elbe basin (Schröter et al., 2015). This is to 

be expected due to the stochastic nature of the flood generation processes within the space of possible event 

realizations. In addition, climate change may contribute to the occurrence of exceptional or even unprecedented 

events (Robinson et al., 2021). Further, the poor estimation of flood quantiles (Vorogushyn et al., 2022) and the 

ignorance of the variety of possible unprecedented events by risk managers, decision makers and the public may 160 

catch everyone by surprise and result in devastating consequences (Merz et al., 2015, Woo, 2019). Hence, a 

systematic procedure is needed for exploring the space of potential unprecedented events that may turn into 

catastrophes (Woo, 2019).  

In the present study, we address the challenge of exploring the space of unprecedented flood events in the Ahr 

catchment by developing spatial counterfactuals for the July 2021 flood. In particular, we search for downward 165 

counterfactuals by answering the key questions of where, how much and why the intensity and impacts turn out 

to be more severe that during the actual flood event. This analysis is expected to raise awareness for extreme 

events exceeding any previous experience among flood managers as well as potentially affected population and 

help better prepare for such scenarios and reduce risk of death toll and economic damage. Spatial counterfactuals 

are constructed by shifting the observed spatio-temporal precipitation footprint in space. We go beyond the 170 

previous studies by Merz et al. (2024) and Voit and Heistermann (2024a, in review) and deploy for the first time 

a flood process model chain encompassing hydrology, flood inundation and impact quantification for the 

analysis of spatial counterfactual scenarios. 

 

2. Study area 175 

We analyze spatial counterfactuals for the Ahr river catchment in western Germany. The catchment, with an area 

of about 900 km2, drains the Ahr-Eifel mountains in the German federal states of Rhineland-Palatinate and 

Northern Rhine-Westphalia to the Rhine River (Fig. 1). The 86 km long river springs up at the elevation of about 

520 m a.s.l. and crosses the deeply incised valley down to the Rhine mouth near Sinzig. Several major tributaries 

with respective gauges, such as Adenauerbach (gauge Niederadenau), Staffelerbach (gauge Denn), Sahrbach 180 

(gauge Kreuzberg) enter the main river, which is gauged at Müsch, Altenahr and Bad Bodendorf from upstream 

to downstream (Fig. 1). The catchment is characterized by shallow soils of primarily clay slate. Large parts of 

the catchment are covered by forests, and some grassland at the elevated plateaus. Arable land is particularly 

concentrated in the northeastern lowlands, whereas steep slopes in the middle reaches are used as vineyards that 

are located between the riverine villages and the mountain ranges (LfU, 2005). The mean annual catchment 185 

precipitation ranges between 550 and 900 mm (HAD, 2024), with mean monthly July totals of 70 mm in 1991-

2020 (Berkler et al., 2022). The mean flow at the gauges Müsch and Altenahr amounts to about 3 and 8 m3 s-1 

with mean annual flood peak flow of 65 and 90 m3 s-1, respectively. 
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190 

Figure 1. Ahr catchment, major river network from the Open Street Map (OSM), Digital Elevation Model 

(DEM5), location of the real and virtual (“model”) gauges. Virtual gauges represent the locations, where inflow 

boundary conditions from mHM to RIM2D model are specified. RIM2D modelling domains Müsch-Altenahr 

and Altenahr-Sinzig are shown in orange and yellow boxes, respectively. © OpenStreetMap contributors 2024. 

Distributed under the Open Data Commons Open Database License (ODbL) v1.0. 195 

 

3. Data and Methods 

3.1 Counterfactual precipitation fields 

For the development of spatial counterfactuals, we use the E-OBS dataset v.25e of daily precipitation sums at the 

resolution of 0.11° x 0.11° (Cornes et al., 2018), which extends till 31 December 2021 and includes the 2021 200 

flood. For the purpose of hydrological modelling, the precipitation fields are re-gridded to the 0.0625° x 0.0625° 

grid using bi-linear interpolation. Since we focus on relative changes in flood characteristics between spatial 

counterfactuals, we expect the choice of this simple interpolation method not to notably affect the final results 

and conclusions. Furthermore, daily precipitation sums are disaggregated to hourly values using the method of 

fragments (Guan et al, 2023). A vector of hourly fragments, representing the relative distribution of hourly 205 

precipitation to the daily sum, is obtained from RADOLAN hourly observations. The RANDOLAN dataset 

(Weigl and Winterrath, 2009, Winterrath et al., 2018) provides historical, hourly, German-wide, gridded, highly 

resolved precipitation data from the combination of the hourly values measured at climate stations with the 

precipitation recording of 17 weather radars. The RADOLAN data has a spatial resolution of 1 km and covers 
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the period from 1 June 2005 to the present. We use the coarser E-OBS data instead of directly applying 210 

RADOLAN hourly fields because of two reasons. First, E-OBS contains consistent precipitation and temperature 

data needed for hydrological modelling. Second, the hydrological model used in this study is calibrated with the 

E-OBS data as a part of the setup covering German catchments including parts outside of Germany, for which 

RADOLAN is not available. 

The major trajectory of the atmospheric moisture transport into the affected region was from northeast to 215 

southwest on the northern flank of a low-pressure system (Mohr et al., 2023). Hourly precipitation footprints 

indicate that the Ahr catchment was only partly hit by the most extreme precipitation cells (Fig. 2). The 24 h 

precipitation totals inferred from the radar-based RADOLAN data product corroborate this observation (Mohr et 

al., 2023). The northwestern part of the catchment received the highest precipitation, but a large part of the 

extreme rainfall fell outside the catchment (Fig. 2). Comparison of the areas of the most intense precipitation 220 

(Fig. 2) with the orography (Fig. 1) reveals that these areas are not necessarily associated with high elevations in 

the Eifel mountains, but rather aligned with the major trajectory of the moisture transport. This suggests that the 

position of the trough, which controls the moisture transport, strongly influences the location of the precipitation 

footprint. 

 225 

Figure 2. Hourly precipitation footprints from the disaggregated E-OBS dataset in the Eifel region around the 

Ahr catchment for 14 July 2021, between 00:00 and 23:00 UTC.  

We develop spatial counterfactuals by shifting the entire precipitation field to the west and east, mimicking 

alternative positions of the low-pressure system. Additionally, we explore a few scenarios by shifting the 
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precipitation footprint a few kilometers eastward and then southwards (in a few steps). These counterfactuals not 230 

only mimic an alternative position of the trough, but also alternative scenarios of peak precipitation footprints 

along the major trajectory of moisture transport. We shift the precipitation field in steps of 0.0625°, 

corresponding to about 4.5 km at the latitude of the Ahr catchment (50° N). We explore precipitation shifts with 

3 steps westward (W1, W2, W3) and 13 steps eastward (E1 to E13). Furthermore, after shifting the precipitation 

field 5 steps eastward, we investigate a range of steps along the north-south axis (E5N1 – E5N4, E5S1 – E5S5). 235 

The latter counterfactuals explore the effect of placing the most intensive precipitation between 18:00 and 20:00 

UTC of 14 July 2021 centrally over the catchment (Fig. 2). In total, 25 scenarios are examined in addition to the 

reference scenario without shift (S0). The shifts are consistently applied to all hourly precipitation totals for the 

period of 5 days around the event date from 12 July 00:00 to 18 July 2021 23:00 UTC. 

3.2 Hydrological model 240 

The hydrological response of the Ahr catchment to different spatial counterfactuals is investigated with the grid-

based mesoscale Hydrologic Model mHM (Samaniego et al., 2010, Kumar et al., 2013, Samaniego et al., 2019). 

mHM is set up for the Ahr catchment with 3 x 3 km grid resolution and an hourly timestep. mHM is driven by E-

OBS precipitation fields disaggregated from daily to hourly values as described in Sect. 3.1. Hourly air 

temperature 𝑇௝ሺ𝑗 ൌ 1,2,⋯ 24ሻ is disaggregated from E-OBS daily maximum (Tmax) and minimum (Tmin) air 245 

temperature using a cosine function (Förster et al., 2016): 

𝑇௝ ൌ 𝑇௠௜௡ ൅
೘்ೌೣି்೘೔೙

ଶ
ቀ1൅ 𝑐𝑜𝑠

గሺ௝ା௔ሻ

ଵଶ
ቁ,        (1) 

where 𝑎 controls the time of daily maximum temperature within a day. The value of 𝑎 is calibrated based on 

observed hourly air temperature data and is set to 8 from January to April and 9 for other months for the study 

area. 250 

The land surface characteristics required by mHM include a digital elevation model acquired from the Federal 

Agency for Cartography and Geodesy (BKG) and a digitized soil map from the Federal Institute for Geosciences 

and Natural Resources (BGR). Based on these maps, we extract information on soil texture properties, hydraulic 

conductivities, and topographic properties (such as slope, aspect, flow direction and flow accumulation). Land 

cover information is derived from CORINE land cover scenes of the years 2000, 2006, 2012, and 2018 255 

(European Environmental Agency, EEA). mHM utilizes the Multiscale Parameter Regionalization (MPR) 

(Samaniego et al., 2010) technique for consistent parameterization across space resulting in a consistent 

parameter set for the entire model domain. The hydrological model is calibrated in a multi-site framework based 

on the Dynamically Dimensioned Search (DDS) algorithm (Tolson and Shoemaker, 2007) using 6 years (2016-

2021) of hourly discharge time series at the gauges Müsch and Altenahr. Unfortunately, due to gauge failure, no 260 

instrumental records are available for the July 2021 event. We thus use the reconstructed flow hydrographs for 

model calibration considering high-water marks, inundation extents and downstream gauge records as described 

by the Environment Agency of Rhineland-Palatinate (Berker et al., 2022). We use the modified weighted Nash-

Sutcliffe Efficiency (wNSE) as the objective function which puts a stronger weight on predicting high peak 

flows (Hundecha and Merz, 2012): 265 
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𝑤𝑁𝑆𝐸 ൌ 1െ
∑ ொ೚ሺ௧೔ሻ൫ொೞሺ௧೔ሻିொ೚ሺ௧೔ሻ൯

మಿ
೔సభ

∑ ொ೚ሺ௧೔ሻ
ಿ
೔సభ ൫ொ೚ሺ௧೔ሻିொ೚൯

మ        (2) 

where 𝑄௢ሺ𝑡௜ሻ and  𝑄௦ሺ𝑡௜ሻ are the observed and simulated discharges at time step 𝑡௜; 𝑄௢ is the mean observed 

discharge over the period of N time steps. Additionally, the Kling-Gupta Efficiency, the Nash-Sutcliffe 

Efficiency and the percentage difference between the maximum simulated and reference discharge (i.e., 

observed or reconstructed) are used to characterize the model performance. Calibration and validation of 270 

hydrological models are typically performed using a split-sample approach (Klemeš, 1986). Since the July 2021 

flood was an exceptional event, it should be included in both the calibration and validation. Given the presence 

of exceptional runoff conditions with widespread overland flow and very high runoff coefficients, it would be 

naïve to expect the model to capture such an event with parameters calibrated without this event. Finally, the 

validation should also include the 2021 flood, since this is the target event for the developed model. Hence, we 275 

need to adopt a different calibration and validation approach than a split-sample test. Here we use a spatial 

validation approach: We calibrate the model at the gauges Müsch and Altenahr and validate the model at 5 

gauges (Kreuzberg, Denn, Kirmutscheid, Niederadenau, and Bad Bodendorf;  see Fig. 1), which are not used for 

calibration. 

For the analysis of spatial counterfactuals, mHM is driven by different precipitation scenarios, whereas the 280 

temperature field is kept constant in space. Each mHM model run uses a warm-up period of 5 years (2016-2020) 

prior to the July 2021 flood. The shifted precipitation field for the period of 5 days is inserted into the time 

series. Hence, spatial counterfactuals are applied to the factual simulated antecedent catchment conditions. 

Nevertheless, small deviations from the real antecedent soil moisture state occurs during the 5 days, where 

shifting is applied. They can be considered relatively small since no strong rainfall events occurred in this period. 285 

3.3 Hydrodynamic model 

We use the raster-based two-dimensional hydrodynamic model RIM2D which solves a simplified shallow water 

equation. This so-called local inertia approximation disregards the convective acceleration term of the 

momentum equation and can be solved efficiently in the explicit manner (Bates et al., 2010). The inertia 

formulation has been previously evaluated in a number of synthetic tests (Bates et al., 2010) and real-case 290 

applications (e.g. Neal et al., 2011). Numerical instability occurring at super-critical flows can be efficiently 

tackled by introducing numerical diffusion, as proposed by de Almeida et al. (2012). RIM2D is coded in CUDA 

Fortran and parallelized for NVIDIA Graphical Processor Units (GPUs). This efficient parallelization enabled 

long-term continuous simulations for flood risk assessments (Falter et al., 2015, Sairam et al., 2021) and paved 

the avenue for operational flood inundation and impact forecasting (Apel et al. 2022). In the latter study, Apel et 295 

al. (2022) set up the RIM2D model in a hindcast mode for the downstream part of the Ahr valley, from the gauge 

Altenahr down to the confluence with the Rhine River. This setup forms the basis for the analysis presented in 

this study and was further extended upstream for the domain Müsch-Altenahr (Fig. 1).  

RIM2D runs at the spatial resolution of 5 x 5 m. The topography is represented by the respective digital 

elevation model (DEM5), aggregated from the 1 x 1 m DEM of the federal state of Rhineland-Palatinate. The 300 

river channel bathymetry is poorly represented in the DEM5, i.e. the bankfull depth is underestimated. The mean 

long-term water depth along the Ahr river is between 0.4 m at gauge Müsch and 0.85 m at gauge Bad Bodendorf. 
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With water depths of up to 10 m during the July 2021 flood, Apel et al. (2022) showed that even the 10 m 

resolution is acceptable for simulating the inundation of this event. For the reach Altenahr – Sinzig, RIM2D 

exhibited a very high critical success index (CSI, Aronica et al., 2002) of 0.845 when run for event re-analysis 305 

driven by the reconstructed water depth hydrograph (Apel et al., 2022). The comparison of simulated and 

reported water depths also showed very good agreement: Based on 75 high water marks recorded at buildings in 

the inundated areas in the aftermath of the flood, the bias between reported and simulated water depth was -0.39 

m and the root mean squared error (RMSE) was 0.66 m.  

The model domain used in Apel et al. (2022) is extended here to the gauge Müsch encompassing the entire reach 310 

Müsch – Sinzig (Fig. 1). The roughness parameterization of the RIM2D model is carried out based on the 

Mundialis1 land cover mapping for Germany derived from Sentinel-2 data. . The land use map is reclassified into 

7 classes. 12 different sets of Manning’s values for these 7 land use classes (Table S1) are tested to find the best 

fit to the reconstructed flow hydrograph at gauge Altenahr. 

Buildings are extracted from the OpenStreetMap (OSM) building layer, rasterized to the resolution of the DEM 315 

and overlaid with the topography. Hence, buildings are treated as impermeable obstacles in the hydrodynamic 

simulation, i.e., water flow is simulated around the buildings. 

The upstream boundary condition for RIM2D is given by the hourly water depth hydrograph at gauge Müsch. 

The water depth is estimated from discharge time series simulated by mHM using the official gauge rating curve. 

The lateral inflow of the gauged tributaries Kirmutscheid, Niederadenau, Denn and Kreuzberg is added by 320 

assigning the water depth hydrographs derived from the gauge rating curves from mHM discharges at the 

tributary mouths. For the 9 ungauged tributaries (Figure Fig. 1) synthetic rating curves are derived to convert 

mHM discharge to water levels using Manning’s equation. The wetted perimeter, slope and gauge datum (= bed 

elevation) are derived from the DEM5 and a roughness value of n = 0.03 s m-1/3 is assumed. The resulting water 

level hydrographs are provided as lateral boundaries to RIM2D. At the downstream boundary, the normal depth 325 

condition is assumed, i.e., the water level gradient is the same across the domain boundary as for the previous 

two cells at the boundary. The two RIM2D simulation domains are initialized with steady-state conditions 

corresponding to the discharge just before the flood wave. For gauge Müsch, this was Q = 9 m3 s-1 (0.8 m water 

depth), which corresponds to the discharge recorded on 14 July 10:00. For gauge Altenahr, the discharge from 

the initial phase of the rising limb of the flood event with Q = 130 m3 s-1 (2.68 m water depth) at 14 July 14th 330 

17:00 is used. The simulations are continued until the steady state is established and the river channel 

represented by the DEM is filled.  

3.4 Simulation experiments and evaluation procedure 

All 25 spatial counterfactuals are simulated with mHM and RIM2D in addition to the reference scenario (S0). 

The mHM results in terms of peak flow and event volume are compared for all 7 gauges in the Ahr catchment. 335 

From all simulations with RIM2D, we select two counterfactuals with the highest and the lowest water level at 

the gauge Altenahr and compare them to the reference scenario. To evaluate the changes in the resulting 

 
1 https://www.mundialis.de/en/germany-2020-land-cover-based-on-sentinel-2-data/ 
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inundation areas, maximum and mean water depths, we select 11 focus areas (Figure Fig. 3) and compute the 

respective changes. 

 340 

Figure 3. Overview of 11 focus areas used for evaluation of spatial counterfactuals with regards to inundation 

impact. These areas were particularly hit by the July 2021 flood. 

 

4. Results 

4.1 Antecedent and event precipitation in the counterfactual scenarios 345 

For all scenarios, we compute the mean areal precipitation of the catchment gauged at Altenahr. We aggregate 

the event precipitation into 1, 3, 6, 12 and 24 h totals and find the maximum totals during the event (Table 1). 

Additionally, we aggregate the 2-day precipitation prior to 14 July 2021 to determine antecedent precipitation. 

For all counterfactuals with eastward shifting, we detect higher antecedent and event precipitation for all 

aggregation time windows compared to the S0 scenario. The westward shifts result in a gradual decrease of all 350 

precipitation indicators (Table 1). The scenarios E3 and E4 stand out as they exhibit the highest precipitation 

values at 6 h,12 h and 24 h aggregation steps. 

Table 1. Total maximum areal precipitation for 1, 3, 12, 24 h durations and antecedent 2-day precipitation prior 

to 14 July 2021 0:00 UTC for all spatial counterfactuals and the reference scenario for the Altenahr catchment. 

Maximum values are in bold. 355 

Scenarios 1h 
[mm] 

3h 
[mm] 

6h 
[mm] 

12h 
[mm] 

24h 
[mm] 

Antecedent 
precipitation [mm] 

W3 8.0 23.6 44.7 70.8 72.2 15.3 

W2 8.7 25.3 49.1 78.6 80.8 15.9 

W1 9.3 27.7 52.8 86.1 89.6 16.4 

S0 10.3 29.8 56.7 92.9 97.9 16.8 

E1 11.0 31.5 60.7 98.0 105.0 17.1 
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E2 11.6 33.8 64.6 101.2 110.2 17.5 

E3 12.8 36.9 66.9 102.2 113.3 17.8 

E4 14.5 39.0 67.6 101.0 114.3 18.2 

E5 15.7 39.8 66.2 97.8 113.4 18.8 

E6 16.6 39.6 63.1 93.0 111.1 19.5 

E7 17.2 38.4 58.7 87.6 108.7 20.8 

E8 17.5 36.6 54.0 83.5 107.0 22.5 

E9 17.2 35.4 50.8 79.8 105.2 23.6 

E10 16.4 34.1 48.8 76.8 103.6 24.1 

E11 15.2 32.3 46.2 73.6 102.0 23.8 

E12 13.8 31.3 43.5 70.7 101.6 23.5 

E13 12.6 30.5 41.4 68.5 102.8 23.1 

E5N4 11.3 29.0 55.5 94.0 101.5 31.2 

E5N3 11.5 31.6 59.4 96.5 106.1 28.2 

E5N2 12.8 34.1 62.3 98.0 109.3 24.2 

E5N1 14.3 37.0 64.7 98.4 111.9 20.7 

E5S1 17.2 42.3 66.5 96.6 113.5 20.0 

E5S2 18.0 43.9 65.2 94.9 112.3 23.3 

E5S3 17.9 44.2 62.5 93.1 109.6 27.9 

E5S4 16.7 43.0 58.0 89.2 105.1 31.6 

E5S5 15.9 40.5 52.4 83.2 99.1 33.8 

 

4.2 Calibration and validation of the hydrological model 

The calibration results for the gauges Altenahr and Müsch over the period from 2016 to 2021 deliver wNSE 

values of 0.98 and 0.97, respectively. The validation performance at the other 5 gauges ranges with wNSE values 

between 0.35 at gauge Kreuzberg to 0.94 at gauge Bad Bodendorf. Figure 4 illustrates the model performance at 360 

the Altenahr gauge, including the hydrographs of the two largest floods within 2016-2021. The simulated 

streamflow shows a good agreement with the observations, especially for the high values including 2021 flood 

event. The peak difference with the reconstructed data is only 7.8%. Compared to the high wNSE value of 0.82 

across all gauges, the average KGE and NSE values are relatively low at 0.59 and 0.57, respectively. This poorer 

performance mainly results from the overestimation of the low flow by the model. 365 
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Figure 4. Simulated and observed/reconstructed discharge (Q) timeseries for the gauge Altenahr during 2016-

2021. Two insets display the hydrographs for the two largest recorded flood events in June 2016 and July 2021. 

4.3 Discharge in the counterfactual scenarios 

All spatial counterfactuals are evaluated in terms of changes in flood peak and flood event volume with respect 370 

to the reference scenario (S0) at 7 gauges (Fig. 5). The flood volume is computed for the event duration from 13 

July 00:00 to 18 July 23:00 UTC. For comparison, also the reconstructed event is plotted in the volume/peak 

change diagrams. For every sub-catchment, we find scenarios that result in both a larger peak flow and a larger 

event volume compared to the reference scenario (S0). The maximum changes are simulated at gauge Denn 

reaching nearly 160 % increase in peak flow and around 90 % increase in event volume for the E7/E8 375 

counterfactuals. Besides Denn, other sub-catchments located in the south-eastern part of the Ahr catchment, 

including Kirmutscheid and Niederadenau, exhibit a strong reaction with more than 75 % and 100 % change in 

peak flow, respectively. In these two tributaries, the counterfactuals with eastward and southward shifts caused 

the highest peaks (E5S2/E5S3). The least sensitive sub-catchment is Müsch with the maximum peak and volume 

increase of about 20%. With a westward precipitation shift, the peak flow decreases up to 30% (W3). The 380 

precipitation footprint in the reference scenario (S0) shows already intensive rainfall in the north-western part of 

the Ahr catchment (Fig. 2) and represents one of the worst scenarios for the Müsch sub-catchment when 

compared to the shifted patterns. The westward shifts (W1 – W3) result in gradual and nearly proportional 

reduction of peak and volume in all sub-catchments. The gauge Denn shows here the most sensitive response 

with the reduction of up to 60 % (Fig. 5). 385 

In several small sub-catchments, i.e., Denn, Niederadenau, Kirmutscheid and Kreuzberg, the counterfactuals are 

strongly aligned along a bisecting line. The larger sub-catchments Müsch, Altenahr and Bad Bodendorf are less 

sensitive and show a more mixed response, i.e., the points form clouds rather than a line (Fig. 5). The linear 

response is observed in the tributaries, while the mixed response is simulated for gauges at the main stream. In 

small catchments, the stronger the overlap between the precipitation footprint and the catchment area, the 390 

stronger the response is. In larger catchments, the inflow from different tributaries is mixed and the entire 

reaction is dampened. 
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Figure 5: Simulated changes of the flood peak and volume in the counterfactual scenarios as compared to 

the reference scenario (S0) at 7 gauge locations in the Ahr catchment.  395 

The worst counterfactuals in terms of maximum peak or volume changes are different for different sub-

catchments. There is no single worst-case scenario for all tributaries which causes the worst case in the main 

channel. Further, there is no single clear sequence of counterfactuals with increasing order of response 

(increasing peak and volume) valid for all tributaries that would translate into a similar sequence of 

counterfactuals for gauge Altenahr. However, in general, eastward shifts of the precipitation by about 13.5 to 400 

22.5 km (E3-E5) with some additional southward shifts (E5S1-E5S5) result in the highest peaks in almost all 

tributaries. 

Figure 6 takes a closer look at the gauge Altenahr upstream of the major town Bad Neuenahr-Ahrweiler where 

widespread inundation and impacts occurred in July 2021. The worst counterfactual in terms of flood peak 

change is E5 (eastward shift of about 22.5 km), which results in an increase of 32 % and a corresponding flood 405 

volume change of 26 %. Several other counterfactuals result in peak flow changes that are only a few percentage 

points lower (E3 (28.5 %), E5S1 (31.5 %), E5S2 (30 %)). These scenarios exhibit the highest areal precipitation 

in the Altenahr sub-catchment at various time scales (Table 1). Particularly, E3 scenario has the highest 6 and 12 

h precipitation. Many counterfactuals with eastward shifts of only a few kilometers result in peak and volume 

increases of more than 10 %. The strongest volume increase of 32% (E13) is not much larger than in the highest-410 

peak counterfactual E5 (28%) (Fig. 6). The E13 scenario, however, delivers a small reduction of peak flow by 

0.5 %.  



 
 

16 
 

 

Figure 6. Flood hydrographs for the simulated reference scenario (S0) and spatial counterfactuals, as well as the 

reconstructed flood hydrograph of the July 2021 flood at the gauge Altenahr. Inset displays the peak/volume 415 

change diagram for various scenarios. 

4.4. Calibration and validation of the hydrodynamic model 

The RIM2D model is manually calibrated by testing 12 different parameter sets and comparing the resulting 

water level hydrographs to the hydrogaph reconstructed at the gauge Altenahr (Fig. 7). RIM2D is driven by the 

water level hydrograph at the gauge Müsch as an upstream boundary condition. This hydrograph is derived from 420 

the calibrated mHM flow simulations that are converted to water levels using the rating curve at gauge Müsch. 

Lateral inflows from the tributaries are considered as described in Section 3.3.  

We select the calib4 parameter set (Table S1) as it provides the best match between the simulated and 

reconstructed water level hydrograph at gauge Altenahr when using mHM output as boundary conditions for the 

RIM2D model of the Müsch-Altenahr reach (Fig. 7). This parameter set is further used to simulate spatial 425 

counterfactual inundations. The calibrated RIM2D simulation shows higher initial water levels because of the 

assumed higher initial water depths and overestimates the water depths by 0.13 m, with an earlier rise of the 

flood limb compared to the reconstruction. On the contrary, the mHM hydrograph shows a stronger attenuation 

and lower peak of 0.55 m. This can in part be explained by the simple kinematic wave routing used in mHM and 

by uncertainty introduced by applying an extrapolated rating curve at gauge Altenahr to convert the mHM 430 

simulated flows into water levels. 

For the lower reach Altenahr-Sinzig a dedicated roughness calibration was performed applying a Monte-Carlo 

sensitivity analysis (Khosh Bin Ghomash et al., 2024, in review). From this study, the best performing roughness 
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data set for simulating inundation extent, water level in the river and water depths in the floodplain was selected 

to simulate the counterfactual inundation in this reach. 435 
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Figure 7. Water depth (h) hydrographs: reconstructed gauge record, simulated by RIM2D using the best 

roughness parameter set (calib4) and mHM S0 discharge simulation at the gauges in the reach Müsch-Altenahr, 

and the simulated discharge at Altenahr by mHM converted to the water depths hydrograph using the 440 

extrapolated rating curve at the gauge Altenahr. 

 

4.5 Inundation in the counterfactual scenarios 

We simulate inundation dynamics for all 25 spatial counterfactuals as well as for the reference scenario S0. 

Different counterfactuals result in different maximum water levels and inundation areas at different locations 445 

along the Ahr river. At the gauge Altenahr, for example, the maximum water level between the counterfactual 

scenarios simulated by RIM2D ranges between 169.20 and 172.70 m a.s.l. around 169.19 m a.s.l. corresponding 

to scenario S0 (Fig. 8). The span between the maximum water levels of the counterfactuals is 3.5 m, indicating 

how much less or more severe the flood could have been with shifting rainfall fields. In the RIM2D simulations, 

the highest water level is reached in scenario E3 and the lowest one in W3. These counterfactuals are selected for 450 

further detailed analysis of changes in inundation. The range of maximum water levels converted from the mHM 

discharge simulations is with 4.32 m somewhat larger compared to RIM2D (Fig. 8). In the mHM ensemble of 

counterfactuals, the largest peak at the gauge Altenahr is obtained in E5 and the lowest in W3. As explained 

earlier, the different routing schemes, underlying data and conversion of discharge to water levels for mHM 

influence the ordering of the counterfactual scenarios, although the differences are small, e.g., the difference 455 

between E3 scenario run with RIM2D routing and E5 scenario run with mHM and converted to water level 

amounts 0.52 m (Fig. 8). Since we analyze relative changes between counterfactuals, this difference is not 

expected to notably affect the final results and conclusions. 
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460 

Figure 8. Comparison of maximum water levels depths (h) at gauge Altenahr simulated with RIM2D and mHM 
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discharge concerted by the gauge rating curve. “shift0” indicates the actual flood event with no shift of the 

rainfall field. 

The strong discrepancy in lower water levels between RIM2D and the reconstructed scenario can be explained 

by assumed initial water depths in the RIM2D model, which are higher than the water levels in the Ahr before 465 

the rise of the flood hydrograph. This initial water depths were set that high to ensure a continuous flow in the 

river channel, which bed elevation is not properly represented in the unmodified 5m DEM. Nevertheless, the 

peak water levels are comparable, as the effect of the high initial water depths fades out with increasing water 

depths. In the previous study by Apel et al. (2022), the maximum water depths in the inundated floodplains 

between Altenahr and the Ahr outlet were also shown to match well with field records. The higher water depths 470 

at the onset of the flood event may contribute to higher celerity in the RIM2D simulations resulting in an earlier 

flood peak compared to the reconstructed one. 

In the following step, we analyze the resulting differences in mean and maximum water depths as well as the 

difference in flooded area between the reference scenario (S0) and the two counterfactuals W3 and E3 (Table 2, 

Fig.9-11, A1-A4). The fact that both W3 and E3 counterfactuals correspond to the same shift of the precipitation 475 

footprint by about 13.5 km, but in opposite directions, allows us to investigate the sensitivity of inundation 

characteristics to these shifts. 

Table 2. Difference in mean and maximum simulated water depth (wdh) and flooded area between the reference 

scenario and the spatial counterfactuals resulting in the highest (E3) and lowest (W3) maximum water depth at 

gauge Altenahr. *Max wd h gives the 99.99 percentile of water depths to avoid potential biases by spurious 480 

maximum water depths caused by numerical instabilities and/or DEM errors. 

 W3 – S0 E3 – S0 

Focus area Mean 

wd h [m] 

Max wd 

h [m]* 

Flooded 

area [%] 

Mean wd 

h [m] 

Max 

wd h 

[m]* 

Flooded area 

[%] 

Schuld -0.82 -1.53 -10.64 0.75 1.24 6.96 

Insul -0.32 -0.90 -13.21 0.38 0.79 7.61 

Dümpelfeld -0.36 -2.18 -49.59 0.43 0.98 19.59 

Brück-Ahrbrück -0.70 -1.27 -15.61 0.79 1.06 5.54 

Kreuzberg -0.78 -1.37 -17.42 0.93 1.45 9.13 
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Altenahr -1.50 -2.09 -5.68 1.25 1.75 4.24 

Mayschoß -0.10 -1.85 -32.15 0.31 0.65 6.63 

Dernau -0.59 -0.86 -8.61 0.32 0.46 1.59 

Rech -1.34 -1.64 -5.67 0.52 0.64 1.89 

Bad Neuenahr-Ahrweiler -0.48 -1.07 -11.37 0.19 0.44 3.53 

Bad Bodendorf -0.42 -0.64 -8.36 0.15 0.23 2.48 

 

The results are presented for 11 selected focus areas. For all areas, E3 leads to a consistent increase of all three 

inundation characteristics, whereas W3 results in a consistent decrease. In the E3 scenario, the mean and 

maximum water depths are 1.25 and 1.75 m higher, respectively, than in S0 in the area of Altenahr. In the 485 

adjacent area at Kreuzberg, these numbers reach 0.93 and 1.45 m. In these topographically constricted areas, 

changes in inundated areas are relatively small around 4 and 9 % (Table 2, Fig. 9).  
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Figure 9. Comparison of iInundated areas and maximum water depths in the focus areas of Altenahr and 490 

Kreuzberg for the reference scenario in the E3, S0 as well as differences between E3 and S0 (E3-S0) and W3 and 

S0 (W3-S0) scenarios. 

The largest increase in the flooded area of nearly 20 % in E3 is detected in the village Dümpelfeld at the mouth 

of the Adenauer Bach tributary (Fig. A1). Here, also the maximum water depth is higher by nearly 1 m 

compared to S0. This focus area also shows the largest inundation area decrease of nearly 50 % in the W3 495 

scenario. The Adenauer Bach catchment has a distinct north-south orientation (Fig. 3). Hence, it becomes highly 

sensitive to the shifts of the precipitation footprint along the east-west axis. Three focus areas that were severely 

hit by the flood and experienced large damages – Schuld, Insul and Brück-Ahrbrück – also show a relatively 

high sensitivity of the inundation indicators to the east-west shifting (Fig. A21, A3 and A42). Particularly at 
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Schuld, with narrow, deeply incised valley, the mean and maximum water depths show strong variations 500 

between E3, S0 and W3 (Table 2).  

In Mayschoß, the eastward shift results in a comparatively modest increase in inundation area of about 7 % and 

an increase of mean and maximum water depths of 0.31 m and 0.65 m, respectively, compared to S0 (Table 2). 

However, W3 results in a dramatic relief for this focus area: the inundation extent is reduced by 32 %, since the 

settlement area in the southern part of the village is entirely spared from flooding (Fig. 10). The sensitivity of the 505 

inundation indicators reduces substantially downstream of Altenahr and Mayschoß in the areas of Dernau, Bad 

Neuenahr-Ahrweiler and Bad Bodendorf with the exception of Rech (Table 2, Fig. 10-11, A3-A4). 
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Figure 10. Comparison of iInundated areas and maximum water depths in the focus areas of Mayschoß and 510 

Dernau for the reference scenario S0 as well as differences between E3 and S0 (E3-S0) and W3 and S0 (W3-S0) 

in E3, S0 and W3 scenarios. 

In the downstream areas with wider floodplains at Bad Neuenahr-Ahrweiler and Bad Bodendorf the simulated 

changes in inundated areas and water depths are comparatively small between the analyzed counterfactuals. 

Mean water depths differences vary between -0.48 m and 0.19 at Bad Neuenahr-Ahrweiler and -0.42 m and 0.15 515 

m at Bad Bodendorf. These two focus areas experienced the highest number of flood victims in the Ahr 

catchment. Although the increase in inundation areas and flood depths is not dramatic for E3, the relief for the 

comparable westward shift is stronger, but still smaller compared to other focus areas (Table 2, Fig. 11, Fig. 

A64). Here, most of the settlement areas remain exposed to flood waters. The lower sensitivity of the 

downstream areas can be expected, as they integrate the discharge from different tributaries and parts of the 520 
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catchment. So, lesser precipitation input and less severe flooding in some sub-catchments is compensated by 

more severe flooding of the others. 
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Figure 11. Comparison of iInundated areas and maximum water depths in the focus area of Bad Neuenahr-525 

Ahrweiler for the reference scenario S0 as well as differences between E3 and S0 (E3-S0) and W3 and S0 (W3-

S0)in the E3, S0 and W3 scenarios. 

4.6 Impact in counterfactual scenarios 

Table 3 shows the affected buildings in the focus areas for the W3, S0, and E3 scenarios. Affected buildings are 

determined by buildings, whose footprint plus a buffer of 2 m around the footprint have a mean inundation depth 530 

above 0.0 m. The buffer was used, because the footprints are rasterized to 5 m resolution, thus loosing some 

detail, and because the footprints are excluded from the hydraulic simulations, thus always showing inundation 

depths of 0.0 m in the rasterized representation. The percentage of affected buildings in the focus areas ranges 

from 52.1 % at Bad Bodendorf up to 87.9 % at Rech (Table 3). These number increase to 54.1 % at Bad 

Bodendorf to 90.2 % at Insul in the E3 scenario. The range of the affected buildings between the scenarios 535 

depends on the topography of the individual focus areas, but also on the different tributary discharge and 

consequent inundation. In the case of Dümpelfeld, the large difference in inundation is caused by the much 

higher discharge of the tributary brook Adenauer Bach in E3. In this case also the fire brigade station is affected, 

which was not the case during the actual event (Fig. 12). The inundation depth is moderate (around 0.2 m), but 

this could have impaired the responsiveness of this brigade. 540 
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Figure 12. Maximum inundation depths in the scenario S0 (left) and E3 (right). Inundation around the fire 

brigade in Dümpelfeld is about 0.2 m in the E3 scenario. Building footprints shown are OSM footprints buffered 

with 2 m. Source of background image: QSM contributors.  545 

Table 3. Number and percentage of affected buildings in the focus areas for the least (W3), reference (S0) and 

most severe (E3) counterfactual scenario. 

Focus area Buildings W3: affected  

 

S0: affected E3: affected 

 

 number number % of total number % of total number % of total 

Schuld 412 199 48.3 218 52.9 231 56.1 

Insul 338 250 74 282 83.4 305 90.2 

Dümpelfeld 150 40 26.7 91 60.7 103 68.7 

Brück-

Ahrbrück 

200 145 72.5 163 81.5 174 87 

Kreuzberg 138 86 62.3 95 68.8 103 74.6 

Altenahr 596 464 77.9 485 81.4 498 83.6 

Mayschoß 347 140 40.3 211 60.8 222 64 

Dernau 300 105 35 157 52.3 164 54.7 

Rech 662 547 82.6 582 87.9 593 89.6 

Bad 

Neuenahr-

Ahrweiler 

6118 3703 60.5 4228 69.1 4365 71.3 

Bad 

Bodendorf 

2117 896 42.3 1103 52.1 1144 54.1 
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5. Discussion 550 

The present analysis suggests that the Ahr flood catastrophe could have easily turned much worse if the 

trajectory of atmospheric moisture flow and the precipitation footprint were shifted just 10-20 km eastwards. 

This trajectory was primarily controlled by the atmospheric circulation and the position of the low-pressure 

system. We could not observe a notable effect of orography on the emergence of areas of particularly heavy 

precipitation in the Ahr catchment. Hence, the explored shift seems to be realistic and may occur in the future. 555 

The overall low probability of such an extreme event still has to be kept in mind (Kreienkamp et al., 2021, 

Vorogushyn et al., 2022). 

The hydrologic response of the sub-catchments to the imposed spatial counterfactuals is strikingly different. In 

small sub-catchments, we simulate much higher peak flows, of up to 160 % at gauge Denn, compared to the 

reference scenario S0. In larger sub-catchments, the response is weaker, but still notable. For example, at the 560 

gauge Altenahr, we simulate about 32 % higher peak discharge for an eastward shift of about 20 km. The same 

event generates more than 20 % higher flood event volume (Fig. 6). A similar maximum increase of peak flow at 

gauge Altenahr by about 30 % was found by Voit and Heistermann (2024a, in review), who applied a much 

broader range of spatial counterfactuals. Thus, this value seems to be the maximum peak flow enhancement that 

can be achieved by shifting such an event in space. Other modifications of the observed precipitation event are 565 

possible, such as a rotation of the precipitation footprint or changes in the overall intensity or the spatio-temporal 

structure. Voit and Heistermann (2022) noted that precipitation intensities can be flood-effective at different 

spatial and temporal scales. Hence, by modifying the overall spatio-temporal structure of the precipitation an 

even stronger response cannot be ruled out. In addition, higher precipitation intensities are likely to occur in a 

warmer climate (Kreienkamp et al., 2021, Tradowski et al., 2023, Ludwig et al., 2023). Such changes in 570 

precipitation may be amplified by a non-linear runoff generation response, for example, when the prevailing 

flood generation process changes to faster overland and subsurface flow with increasing rainfall intensities 

(Rogger et al., 2012, Macdonald et al., 2024). Hence, the non-linear exacerbation of peak runoff, e.g., as 

projected by Ludwig et al. (2023) of up to 39 % at gauge Altenahr for a +2°C warmer climate, can be even 

further aggravated by an unfavorable spatial counterfactual – an apocalyptic scenario beyond the imagination of 575 

decision-makers and flood-prone people. 

The hydrodynamic response to the spatial counterfactuals varies between the locations along the river. We 

observe different sensitivities of water depth and inundation extent at different locations to comparable shifts 

along the east-west axis. Small tributaries show a strong response in water depth and inundation extent at the 

confluence into the main channel. As can be expected from morphological characteristics, mean and maximum 580 

water depths exhibit a strong sensitivity in constricted incised valleys. In the wider floodplains of the 

downstream areas at Bad Neuenahr-Ahrweiler and Bad Bodendorf, the differences in water depths between the 

counterfactuals are comparatively small. The strongest response of mean and maximum water depths is 

simulated around Altenahr. Here, shifts of the precipitation footprint in east and west direction by about 10-15 

km result in changes of mean and maximum water depths by about -1.5 – +1.25 m and -2.1 – +1.75 m, 585 

respectively. In the area around Altenahr, the flow from all major tributaries is concentrated in a relatively 

narrow valley, before the flood wave propagates further downstream and attenuates on wider floodplains at Bad 

Neuenahr-Ahrweiler and Bad Bodendorf. The significant increase of maximum water depths in the worst 

counterfactual raises the number of affected buildings and can also potentially affect critical infrastructure such 
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as fire brigade hubs involved into catastrophe management. Hence, spatial counterfactuals are helpful for 590 

planning and securing the operation of critical services in advance of unprecedented floods.  

The use of the hydrologic and hydrodynamic models for the analysis of spatial counterfactuals is associated with 

uncertainties in model structure and input data and parameterization. We, however, analyze relative differences 

in flood characteristics between various scenarios. Hence, the effect of uncertainty is expected to be fairly 

limited on the final results and conclusions and we do not explicitly consider these uncertainties in the presented 595 

analysis. Interestingly, Voit and Heistermann (2024a) found a very similar maximum relative increase of flood 

peak for the Ahr flood using a different hydrological model and completely different approach to construction of 

counterfactuals. This confirms our expectation. In fact, we can view the analysis of spatial counterfactuals as 

exploration of aleatory uncertainty (natural variability) in spatial precipitation footprints. 

Here, we analyze only a limited number of spatial counterfactual scenarios, 25 in total. Precipitation fields are 600 

shifted in discrete steps of 0.0625° in fixed directions primarily along the west-east axis and at the fifth step 

eastward along the north-south axis. We selected these scenarios after visual analysis of precipitation fields 

aiming at maximizing the total precipitation input over the Ahr catchment. There is no guarantee that some other 

scenarios exist that might cause even higher peak flows and stronger inundation at specific locations. The 

number of spatial counterfactuals is virtually infinite. Our aim is however not to identify the worst-case scenario, 605 

but rather to explore a computationally feasible set of unprecedented events. In search for unprecedented events, 

Merz et al. (2024) also considered 24 spatial counterfactuals for each of the past 10 most damaging floods in 

Germany. They performed systematic shifts in 8 azimuthal directions and with much larger radii (20, 50 and 100 

km) compared to our approach. Voit and Heistermann (2024a, in review) relaxed the spatial constraints even 

further, by shifting the past 10 most severe precipitation events to match the centroids of more than 22,000 sub-610 

catchments across Germany. Theoretically, even in these two cases the existence of an uncovered worst-case 

counterfactual cannot be ruled out.  

Shifting past rainfall events to different area raises concerns about the plausibility of the occurrence of such 

events. This depends on the type and strength of the precipitation events as well as the moisture transport 

patterns and their interactions with orography. Recently, Voit and Heistermann (2024b) compared global and 615 

local spatial counterfactuals for generating synthetic floods in small basins in Germany. Global counterfactuals 

were based on shifting high-precipitation events across entire Germany, whereas local counterfactuals were 

constructed by shifting the events withing a 20-km buffer around a catchment of interest in Germany. As could 

be expected, global counterfactuals can produce more extreme floods than local counterfactuals, but credibility 

of such scenarios becomes questionable with increasing transposition distance. Although the question about the 620 

reasonable transposition distance remains open, Voit and Heistermann (2024b) demonstrated that already from 

high-precipitation events within a small radius of 20 km, an alarming number of plausible flood events 

exceeding 50 and 200-year return periods can be generated for a catchment of interest. This question is largely 

unexplored, and itIt is clear that the further away a precipitation event is shifted, especially into different 

topographic and climatic settings, the more questionable the plausibility of its occurrence becomes. This issue 625 

can be addressed, for example, by shifting the event triggering circulation pattern in a climate model and letting 

the event to develop under slightly different initial conditions but constrained by the actual orography. 

Perturbations to past events to construct “future weather” are typically applied to explore how the event would 

unfold under warmer conditions (e.g., Manola et al., 2018, Ludwig et al., 2023). Similar experiments can be 
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conceived in a stationary climate, but applying spatial counterfactuals to circulation dynamics. This approach 630 

introduces additional uncertainties through a climate model and requires additional computational effort. Also, 

the resulting events would not be strictly spatial transposition of the past precipitation footprints, but would 

unfold their own spatio-temporal dynamics. Further relaxing meteorological constraints, stochastic generation of 

event sets by modifying specific characteristics of the past observed events, e.g., spatial extent, total rainfall 

volume and peak intensity, considering their marginal statistic can be considered following the approach by 635 

Diederen and Liu (2020).  

Our approach limits the number of spatial counterfactuals due to computational constraints and evaluation effort. 

We do not seek to find the worst possible spatial counterfactual, which may even be far from the probable 

maximum flood, i.e., the worst possible flood. We rather argue that even small changes in moisture flow and 

shifts of precipitation fields by a few kilometers may cause even more severe consequences than have been 640 

experienced. Our results should alert emergency and flood risk managers as well as the general public that the 

past catastrophe was not the worst possible flood, but could have easily turned worse and thus may occur as such 

in the future. 

The approach of spatial counterfactuals is charming from the perspective of flood risk communication as it can 

be easily explained and demonstrated to both flood risk professionals as well as to the general public. The 645 

approach is based on perturbing an actual past precipitation or flood event which is familiar to most people in the 

affected communities. Hence, people can imagine more easily the possibility of even worse catastrophe 

dynamics and impacts. This will hopefully increase their willingness to undertake risk reduction measures for 

unprecedented events. 

6. Conclusions 650 

In the presented paper, we use the approach of spatial counterfactuals to explore unprecedented floods. By 

systematically shifting in space the footprint of the precipitation event, which caused the deadly July 2021 flood 

in the Ahr catchment in Germany, we simulate the resulting flood peaks, inundation areas and maximum depths 

as well as exposed assets. Our findings suggest that the 2021 flood catastrophe could have been even worse if the 

atmospheric moisture trajectory hit the catchment only 15-25 km further east. In this case, we simulate peak 655 

flows at gauge Altenahr of about 32 % higher compared to the simulation of the actual flood. This increase in 

peak is associated with an increase in flood event volume of 26 %. In some small tributaries, increase in peak 

flows of up to 160 % is simulated in these counterfactuals. The resulting differences in inundation extents and 

depths vary along the valley depending on counterfactuals and topographic properties of specific areas. For 

example, in a focus area around Altenahr, the mean and maximum inundation depths increase by 1.25 and 1.75 660 

m, respectively, in the worst simulated scenario. We demonstrate that considerably more assets could have been 

affected by a counterfactual flood including some critical infrastructure such as a fire brigade hub. We encourage 

the use of spatial counterfactuals for informing flood risk professionals as well as the general public on potential 

unprecedented events thus fostering better precaution and flood risk management in the years to come. 

Appendix A 665 

Table A1. Parameter sets of Manning’s roughness coefficients for different land use classes used for calibration 

of the RIM2D model. 
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Land use 

class 

calib1 calib2 calib3 calib4 calib5 calib6 calib7 calib8 calib9 calib1

0 

calib11 calib1

2  

Forest 0.1 0.1 0.1 0.1 0.1 0.05 0.05 0.1 0.05 0.1 0.04 0.2 

Low 

vegetation 

0.045 0.045 0.035 0.035 0.035 0.035 0.05 0.05 0.03 0.025 0.025 0.05 

Water 

bodies 

0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Build-up 

areas 

0.025 0.025 0.025 0.025 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 

Bare soil 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.05 0.03 0.025 0.025 0.05 

Agricultural 

land 

0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.05 0.03 0.025 0.025 0.05 

River 

channel 

0.02 0.018 0.02 0.018 0.02 0.02 0.02 0.02 0.02 0.018 0.018 0.025 
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Figure A1. Inundation extentInundated area and maximum water depths in scenarios E3, S0, W3 in the focus 

areas Schuld, Insul and Dümpelfeld for the reference scenario S0 as well as differences between E3 and S0 (E3-

S0) and W3 and S0 (W3-S0) scenarios. 675 
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Figure A2. Inundation extent and maximum water depth in scenarios E3, S0, W3 in the focus area Schuld. 
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Figure A3. Inundation extent and maximum water depth in scenarios E3, S0, W3 in the focus area Insul. 
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Figure A42. Inundated area and maximum water depths in the focus area Brück-Ahrbrück for the reference 685 

scenario S0 as well as differences between E3 and S0 (E3-S0) and W3 and S0 (W3-S0) scenariosInundation 

extent and maximum water depth in scenarios E3, S0, W3 in the focus area Brück-Ahrbrück. 
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Figure A53. Inundated area and maximum water depths in the focus area Rech for the reference scenario S0 as 

well as differences between E3 and S0 (E3-S0) and W3 and S0 (W3-S0) scenariosInundation extent and 

maximum water depth in scenarios E3, S0, W3 in the focus area Rech. 
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Figure A46. Inundated area and maximum water depths in the focus area Bad Bodendorf for the reference 705 

scenario S0 as well as differences between E3 and S0 (E3-S0) and W3 and S0 (W3-S0) scenariosInundation 

extent and maximum water depth in scenarios E3, S0, W3 in the focus area Bad Bodendorf. 

 

Data and code availability. mHM model code is freely available under https://doi.org/10.5281/zenodo.8279545. 

RIM2D is open source for the scientific use under the EUPL1.2 license (https://www.rim2d.eu/). Access to the 710 

git repository is granted upon request. The simulations were performed with RIM2D version 0.2. E-OBS gridded 

precipitation and temperature data are available from ECA&D project (https://www.ecad.eu). Observed 

discharge and water level data at gauges are available from Environment Agency of Rhineland-Palatinate 

(Landesamt für Umwelt, Rheinland-Pfalz) (https://wasserportal.rlp-umwelt.de). Spatial counterfactual 

precipitation and Ssimulation results fromof mHM and RIM2D for 25 counterfactuals and the reference scenario 715 

will be made freely available via GFZ data repository (https://dataservices.gfz-potsdam.de/portal/index.html) 

upon acceptance of the manuscript. 

Author contributions. SV and BM conceived the study. DVN and XG prepared meteorological input for spatial 

counterfactuals. LH and BG calibrated the mHM model, run and analyzed the hydrological simulations. HA 

setup the RIM2D model, run and analyzed the hydrodynamic simulations. OR, HN and LS developed and 720 

provided the mHM model version with hourly temporal resolution and the initial setup for the Ahr catchment. 

SV analyzed the integrated results and wrote the manuscript with contributions from all authors. 

Competing interests. The authors declare that they have no conflict of interest. 



 
 

43 
 

Acknowledgements. This research has been supported by the German Federal Ministry for Education and 

Research within the KAHR project (grant number 01LR2102F). We acknowledge the E-OBS dataset from the 725 

EU-FP6 project UERRA (https://www.uerra.eu) and the Copernicus Climate Change Service, and the data 

providers in the ECA&D project (https://www.ecad.eu). Digital Elevation Model (DEM) is provided by the 

German Federal Agency for Cartography and Geodesy (Geobasisdaten: © GeoBasis-DE / BKG) and by the 

Federal State Rhineland-Palatinate.  

 730 

References 

Apel, H., Thieken, A. H., Merz, B., and Blöschl, G. (2004).: Natural Hazards and Earth System Sciences Flood 

risk assessment and associated uncertainty. Natural Hazards and Earth System Sciences, 4, 295–308, 

https://doi.org/10.5194/nhess-4-295-2004, 2004. 

Apel, H., Vorogushyn, S., and Merz, B. (2022). : Brief communication: Impact forecasting could substantially 735 

improve the emergency management of deadly floods: case study July 2021 floods in Germany. Natural Hazards 

and Earth System Sciences, 22(9)., 3005–3014, https://doi.org/10.5194/nhess-22-3005-2022, 2022. 

Aronica, G., Bates, P. D., and Horritt, M. S. (2002).: Assessing the uncertainty in distributed model predictions 

using observed binary pattern information within GLUE. Hydrological Processes, 16, 2001–2016., 

https://doi.org/10.1002/hyp.398, 2022. 740 

Bates, P. D., Horritt, M. S., and Fewtrell, T. J. (2010).: A simple inertial formulation of the shallow water 

equations for efficient two-dimensional flood inundation modelling. Journal of Hydrology, 387(1–2), 33–45., 

https://doi.org/10.1016/j.jhydrol.2010.03.027, 2010. 

 

Bergström, S., Harlin, J., and Lindström, G. (1992).: Spillway design floods in Sweden: I. New guidelines. 745 

Hydrological Sciences Journal, 37(5), 505–519., https://doi.org/10.1080/02626669209492615, 1992. 

 

Berkler, S., Bettmann, Dr.-I. T., Böhm, M., Demuth, N., Gerlach, N., Hengst, A., Henrichs, Y., Heppelmann, T., 

Iber, C., Johst, M., Lehmann, H., Stickel, S., and van der Heijden, S. (2022).: Bericht. Hochwasser im Juli 2021. 

Landesamt für Umwelt, Rheinland-Pfalz, Mainz, 74 pp, 2022. 750 

 

Blöschl, G., Buttinger-Kreuzhuber, A., Cornel, D., Eisl, J., Hofer, M., Hollaus, M., Horváth, Z., Komma, J., 

Konev, A., Parajka, J., Pfeifer, N., Reithofer, A., Salinas, J., Valent, P., Výleta, R., Waser, J., Wimmer, M. H., 

and Stiefelmeyer, H.: Hyper-resolution flood hazard mapping at the national scale, Nat. Hazards Earth Syst. Sci., 

24, 2071–2091, https://doi.org/10.5194/nhess-24-2071-2024, 2024. 755 

Blöschl, G., Buttinger-Kreuzhuber, A., Cornel, D., Eisl, J., Hofer, M., Hollaus, M., Horváth, Z., Komma, J., 

Konev, A., Parajka, J., Pfeifer, N., Reithofer, A., Salinasa, J., Valent, P., Výleta, R., Waser, J., Wimmer, M. H., 

and Stiefelmeyer, H.: Hyper-resolution flood hazard mapping at the national scale, Nat. Hazards Earth Syst. Sci. 

Discuss. [preprint], https://doi.org/10.5194/nhess-2023-209, in review, 2023. 

 760 



 
 

44 
 

Chen, X., Hossain, F., and Leung, L. R. (2017).: Probable Maximum Precipitation in the U.S. Pacific Northwest 

in a Changing Climate. Water Resources Research, 53(11), 9600–9622., 

https://doi.org/10.1002/2017WR021094, 2017. 

 

Cornes, R. C., van der Schrier, G., van den Besselaar, E. J. M., and Jones, P. D. (2018).: An Ensemble Version 765 

of the E-OBS Temperature and Precipitation Data Sets. Journal of Geophysical Research: Atmospheres, 123, 

9391–9409., https://doi.org/10.1029/2017JD028200, 2018. 

 

de Almeida, G. A. M., Bates, P., Freer, J. E., and Souvignet, M. (2012).: Improving the stability of a simple 

formulation of the shallow water equations for 2-D flood modeling. Water Resources Research, 48(5)., W05528, 770 

https://doi.org/10.1029/2011WR011570, 2012. 

 

Diederen, D., &and Liu, Y. (2020).: Dynamic spatio-temporal generation of large-scale synthetic gridded 

precipitation: with improved spatial coherence of extremes. Stochastic Environmental Research and Risk 

Assessment, 34(9), 1369–1383., https://doi.org/10.1007/s00477-019-01724-9, 2020. 775 

 

Dietze, M., Bell, R., Ozturk, U., Cook, K. L., Andermann, C., Beer, A. R., Damm, B., Lucia, A., Fauer, F. S., 

Nissen, K. M., Sieg, T., and Thieken, A. H. (2022).: More than heavy rain turning into fast-flowing water – a 

landscape perspective on the 2021 Eifel floods. Natural Hazards and Earth System Sciences, 22(6), 1845–1856., 

https://doi.org/10.5194/nhess-22-1845-2022, 2022. 780 

 

DKKV (2022): Die Flutkatastrophe im Juli 2021. Ein Jahr danach: Aufarbeitung und erste Lehren für die 

Zukunft. DKKV-Schriftenreihe Nr. 62, Bonn, 2022. 

 

EU (2007).: DIRECTIVE 2007/60/EC OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 23 785 

October 2007 on the assessment and management of flood risks. Official Journal of the European Union, L288, 

27–34, 2007. 

 

Falter, D., Schröter, K., Dung, N. V., Vorogushyn, S., Kreibich, H., Hundecha, Y., Apel, H., and Merz, B. 

(2015).: Spatially coherent flood risk assessment based on long-term continuous simulation with a coupled 790 

model chain. Journal of Hydrology, 524, 182-193,. https://doi.org/10.1016/j.jhydrol.2015.02.021, 2015. 

 

Felder, G. and Weingartner, R. (2017).: Assessment of deterministic PMF modelling approaches. Hydrological 

Sciences Journal, 62(10), 1591–1602., https://doi.org/10.1080/02626667.2017.1319065, 2017. 

 795 

Förster, K., Hanzer, F., Winter, B., Marke, T., and Strasser, U. (2016).: An open-source MEteoroLOgical 

observation time series DISaggregation Tool (MELODIST v0.1.1). Geoscientific Model Development, 9(7), 

2315-2333., https://doi.org/10.5194/gmd-9-2315-2016, 2016. 

 



 
 

45 
 

Guan, X., Nissen, K., Nguyen, V. D., Merz, B., Winter, B., and Vorogushyn, S. (2023).: Multisite temporal 800 

rainfall disaggregation using methods of fragments conditioned on circulation patterns. Journal of Hydrology, 

621., https://doi.org/10.1016/j.jhydrol.2023.129640, 2023. 

 

HAD (2024): Hydrologischer Atlas Deutschlands (Hydrological Atlas of Germany). German Federal Institute of 

Hydrology (BFG). https://geoportal.bafg.de 805 

 

Hu, L., Nikolopoulos, E., Marra, F., and Anagnostou, E. N.: (2020).  An evaluation over the contiguous United 

States. Journal of Flood Risk Management, 13, e12580., https://doi.org/10.1111/jfr3.12580, 2020. 

 

Hundecha, Y. and Merz, B. (2012).: Exploring the relationship between changes in climate and floods using a 810 

model-based analysis. Water Resources Research, 48(4), W04512., https://doi.org/10.1029/2011WR010527, 

2012. 

 

Khosh Bin Ghomash, S., Yeste, P., Apel, H., and Nguyen, V. D.: Monte-Carlo based sensitivity analysis of the 

RIM2D hydrodynamic model for the 2021 flood event in Western Germany, Nat. Hazards Earth Syst. Sci. 815 

Discuss. [preprint], https://doi.org/10.5194/nhess-2024-77, in review, 2024. Khosh Bin Ghomash, S., Apel, H., 

and Caviedes-Voullième, D.: Simulating the Ahr valley 2021 flood event: a comparative assessment of 2D 

shallow water solvers for early flood warning, Nat. Hazards Earth Syst. Sci. Discuss. [preprint], 

https://doi.org/10.5194/nhess-2024-50, in review, 2024. 

 820 

Klemeš, V. (1986).: Operational testing of hydrological simulation models. Hydrological Sciences Journal, 31, 

1(3), 13–24, 1986. 

 

Kreibich, H., van Loon, A. F., Schröter, K., Ward, P. J., Mazzoleni, M., Sairam, N., Abeshu, G. W., Agafonova, 

S., AghaKouchak, A., Aksoy, H., Alvarez-Garreton, C., Aznar, B., Balkhi, L., Barendrecht, M. H., Biancamaria, 825 

S., Bos-Burgering, L., Bradley, C., Budiyono, Y., Buytaert, W., … and di Baldassarre, G.: (2022). The challenge 

of unprecedented floods and droughts in risk management. Nature, 608(7921)., https://doi.org/10.1038/s41586-

022-04917-5, 2022. 

 

Kreienkamp, F., Philip, S. Y., Tradowsky, J. S., Kew, S. F., Lorenz, P., Arrighi, J., Belleflamme, A., Bettmann, 830 

T., Caluwaerts, S., Chan, S. C., Ciavarella, A., de Cruz, L., de Vries, H., Demuth, N., Ferrone, A., Fischer, E. 

M., Fowler, H. J., Goergen, K., Heinrich, D., … and Wanders, N.: (2021). Rapid attribution of heavy rainfall 

events leading to the severe flooding in Western Europe during July 2021. World Weather Attribution. 

https://www.worldweatherattribution.org/heavy-rainfall-which-led-to-severe-flooding-in-western-europe-made-

more-likely-by-climate-change/, 54 pp. 2021. 835 

 

Kumar, R., Samaniego, L., and Attinger, S. (2013): Implications of distributed hydrologic model 

parameterization on water fluxes at multiple scales and locations, Water Resour. Res., 49, 360–379, 

https://doi.org/10.1029/2012WR012195, 2013. 

 840 



 
 

46 
 

LfU (2005): Hydrologischer Atlas Rheinland-Pfalz, Landnutzung. Landesamt für Umwelt Rheinland-Pfalz, 

Mainz. https://lfu.typo3cms02.rlp.de/?id=29026 

 

Ludwig, P., Ehmele, F., Franca, M. J., Mohr, S., Caldas-Alvarez, A., Daniell, J. E., Ehret, U., Feldmann, H., 

Hundhausen, M., Knippertz, P., Küpfer, K., Kunz, M., Mühr, B., Pinto, J. G., Quinting, J., Schäfer, A. M., 845 

Seidel, F., and Wisotzky, C.: (2023). A multi-disciplinary analysis of the exceptional flood event of July 2021 in 

central Europe - Part 2: Historical context and relation to climate change. Natural Hazards and Earth System 

Sciences, 23(4), 1287–1311., https://doi.org/10.5194/nhess-23-1287-2023, 2023. 

 

Macdonald, E., Merz, B., Guse, B., Nguyen, V. D., Guan, X., and& Vorogushyn, S.: (2024). What controls the 850 

tail behaviour of flood series: rainfall or runoff generation? Hydrology and Earth System Sciences, 28(4), 833–

850., https://doi.org/10.5194/hess-28-833-2024, 2024. 

 

Manola, I., van den Hurk, B., de Moel, H., and Aerts, J. C. J. H.: (2018). Future extreme precipitation intensities 

based on a historic event. Hydrology and Earth System Sciences, 22(7), 3777–3788., 855 

https://doi.org/10.5194/hess-22-3777-2018, 2018. 

 

Merz, B., Basso, S., Fischer, S., Lun, D., Blöschl, G., Merz, R., Guse, B., Viglione, A., Vorogushyn, S., 

Macdonald, E., Wietzke, L., and Schumann, A. (2022).: Understanding heavy tails of flood peak distributions. 

Water Resources Research, 58(6), e2021WR030506. https://doi.org/10.1029/2021WR030506, 2022. 860 

 

Merz, B., Blöschl, G., Vorogushyn, S., Dottori, F., Aerts, J. C. J. H., Bates, P., Bertola, M., Kemter, M., 

Kreibich, H., Lall, U., and Macdonald, E. (2021).: Causes, impacts and patterns of disastrous river floods. Nat 

Rev Earth Environ 2, 592–609., https://doi.org/10.1038/s43017-021-00195-3, 2021. 

 865 

Merz, B., Nguyen, V. D., Guse, B., Han, L., Guan, X., Rakovec, O., Samaniego, L., Ahrens, B., and 

Vorogushyn, S. (2024).: Spatial counterfactuals to explore disastrous flooding. Environmental Research Letters, 

19, 044022., https://doi.org/10.1088/1748-9326/ad22b9, 2024. 

 

Merz, B., Vorogushyn, S., Lall, U., Viglione, A., and Blöschl, G. (2015).: Charting unknown waters - On the 870 

role of surprise in flood risk assessment and management. Water Resources Research, 51(8), 6399–6416. 

https://doi.org/10.1002/2015WR017464, 2015. 

 

Mohr, S., Ehret, U., Kunz, M., Ludwig, P., Caldas-Alvarez, A., Daniell, J. E., Ehmele, F., Feldmann, H., Franca, 

M. J., Gattke, C., Hundhausen, M., Knippertz, P., Küpfer, K., Mühr, B., Pinto, J. G., Quinting, J., Schäfer, A. M., 875 

Scheibel, M., Seidel, F., and Wisotzky, C. (2023).: A multi-disciplinary analysis of the exceptional flood event 

of July 2021 in central Europe – Part 1: Event description and analysis. Natural Hazards and Earth System 

Sciences, 23(2), 525–551., https://doi.org/10.5194/nhess-23-525-2023, 2023. 

 

Montanari, A., Merz, B., and Blöschl, G.: HESS Opinions: The sword of Damocles of the impossible flood, 880 

Hydrol. Earth Syst. Sci., 28, 2603–2615, https://doi.org/10.5194/hess-28-2603-2024, 2024. Montanari, A., Merz, 



 
 

47 
 

B., and Blöschl, G. (2023). HESS Opinions: The Sword of Damocles of the Impossible Flood, EGUsphere 

[preprint], https://doi.org/10.5194/egusphere-2023-2420 

 

Neal, J., Schumann, G., Fewtrell, T., Budimir, M., Bates, P., and Mason, D. (2011).: Evaluating a new 885 

LISFLOOD-FP formulation with data from the summer 2007 floods in Tewkesbury, UK. Journal of Flood Risk 

Management, 4(2), 88–95., https://doi.org/10.1111/j.1753-318X.2011.01093.x, 2011. 

 

Paté-Cornell, E. (2012).: On “Black Swans” and “Perfect Storms”: risk analysis and management when statistics 

are not enough. Risk Analysis, 32(11), 1823–1833,. https://doi.org/10.1111/j.1539-6924.2011.01787.x, 2012. 890 

 

Rauthe, M., Steiner, H., Riediger, U., Mazurkiewicz, A., and Gratzki, A. (2013).: A Central European 

precipitation climatology - Part I: Generation and validation of a high-resolution gridded daily data set 

(HYRAS). Meteorologische Zeitschrift, 22(3), 235–256,. https://doi.org/10.1127/0941-2948/2013/0436, 2013. 

 895 

Robinson, A., Lehmann, J., Barriopedro, D., Rahmstorf, S., &and Coumou, D. (2021).: Increasing heat and 

rainfall extremes now far outside the historical climate. npj Climate and Atmospheric Science, 4(1), 45,. 

https://doi.org//doi:10.1038/s41612-021-00202-w, 2021. 

 

Roggenkamp, T. and Herget, J. (2022).: Hochwasser der Ahr im Juli 2021 - Abflussschätzung und Einordnung. 900 

Hydrologie und Wasserbewirtschaftung, 66(1), 40–49, 2022. 

 

Roggenkamp, T. and Herget, J. (2014).: Reconstructing peak discharges of historic floods of the river Ahr, 

Germany. Erdkunde, 68(1), 49–59,. https://doi.org/10.3112/erdkunde.2014.01.05, 2014. 

 905 

Rogger, M., Pirkl, H., Viglione, A., Komma, J., Kohl, B., Kirnbauer, R., Merz, R., and Blöschl, G. (2012).: Step 

changes in the flood frequency curve: Process controls. Water Resources Research, 48(5), W05544,. 

https://doi.org/10.1029/2011WR011187, 2012. 

 

Sairam, N., Brill, F., Sieg, T., Farrag, M., Kellermann, P., Nguyen, V. D., Lüdtke, S., Merz, B., Schröter, K., 910 

Vorogushyn, S., and Kreibich, H. (2021).: Process-Based Flood Risk Assessment for Germany. Earth’s Future, 

9(10)., e2021EF002259, https://doi.org/10.1029/2021EF002259, 2021. 

 

Samaniego, L., Kumar, R., and Attinger, S. (2010).: Multiscale parameter regionalization of a grid-based 

hydrologic model at the mesoscale. Water Resources Research, 46(5), W05523,. 915 

https://doi.org/10.1029/2008WR007327, 2010. 

 

Samaniego, L., Thober, S., Wanders, N., Pan, M., Rakovec, O., Sheffield, J., Wood, E. F., Prudhomme, C., Rees, 

G., Houghton-Carr, H., Fry, M., Smith, K., Watts, G., Hisdal, H., Estrela, T., Buontempo, C., Marx, A., and 

Kumar, R. (2019).: Hydrological forecasts and projections for improved decision-making in the water sector in 920 

Europe. Bulletin of the American Meteorological Society, 100(12), 2451–2471,. https://doi.org/10.1175/BAMS-

D-17-0274.1, 2019. 



 
 

48 
 

 

Schär, C., Frei, C., Ltithi, D., and Davies, H. C. (1996).: Surrogate climate-change scenarios for regional climate 

models. Geophysical Research Letters, 23(6), 669–672. https://doi.org/10.1029/96GL00265, 1996. 925 

 

Schröter, K., Kunz, M., Elmer, F., Mühr, B., and Merz, B. (2015).: What made the June 2013 flood in Germany 

an exceptional event? A hydro-meteorological evaluation. Hydrology and Earth System Sciences, 19(1), 309–

327., https://doi.org/10.5194/hess-19-309-2015, 2015. 

 930 

Shepherd, T. G., Boyd, E., Calel, R. A., Chapman, S. C., Dessai, S., Dima-West, I. M., Fowler, H. J., James, R., 

Maraun, D., Martius, O., Senior, C. A., Sobel, A. H., Stainforth, D. A., Tett, S. F. B., Trenberth, K. E., van den 

Hurk, B. J. J. M., Watkins, N. W., Wilby, R. L., and Zenghelis, D. A. (2018).: Storylines: an alternative 

approach to representing uncertainty in physical aspects of climate change. Climatic Change, 151(3–4), 555–

571., https://doi.org/10.1007/s10584-018-2317-9, 2018. 935 

 

Szönyi M., Roezer V., Deubelli T., Ulrich J., MacClune K., Laurien F., and Norton, R. (2022).: PERC Flood 

event review ‘Bernd.’, Zurich Insurance Company, Zurich, Switzerland. https://floodresilience.net/zurich-flood-

resilience-alliance/, 74 pp., 2022. 

 940 

Tolson, B. A. and Shoemaker, C. A. (2007).: Dynamically dimensioned search algorithm for computationally 

efficient watershed model calibration. Water Resources Research, 43, W01413.,  

https://doi.org/10.1029/2005WR004723, 2007. 

 

Tradowsky, J. S., Sjoukje, P. Y., Kreienkamp, F., Kew, S. F., Lorenz, P., Arrighi, J., Bettmann, T., Caluwaerts, 945 

S., Chan, S. C., de Cruz, L., De Vries, H., Demuth, N., Ferrone, A., Fischer, E. M., Fowler, H. J., Goergen, K., 

Heinrich, D., … and Wanders, N. (2023).: Attribution of the heavy rainfall events leading to severe flooding in 

Western Europe during July 2021. Climatic Change, 176, 90. https://doi.org/10.1007/s10584-023-03502-7, 2023. 

 

Visser, J. B., Kim, S., Wasko, C., Nathan, R., and Sharma, A. (2022).: The Impact of Climate Change on 950 

Operational Probable Maximum Precipitation Estimates. Water Resources Research, 58(11), e2022WR032247., 

https://doi.org/10.1029/2022WR032247, 2022. 

 

Viviroli, D., Sikorska-Senoner, A. E., Evin, G., Staudinger, M., Kauzlaric, M., Chardon, J., Favre, A. C., 

Hingray, B., Nicolet, G., Raynaud, D., Seibert, J., Weingartner, R., and Whealton, C. (2022).: Comprehensive 955 

space-time hydrometeorological simulations for estimating very rare floods at multiple sites in a large river 

basin. Natural Hazards and Earth System Sciences, 22(9), 2891–2920., https://doi.org/10.5194/nhess-22-2891-

2022, 2022. 

 

Voit, P. and Heistermann, M.: A downward-counterfactual analysis of flash floods in Germany, Nat. Hazards 960 

Earth Syst. Sci., 24, 2147–2164, https://doi.org/10.5194/nhess-24-2147-2024, 2024a. Voit, P. and Heistermann, 

M.: A downward counterfactual analysis of flash floods in Germany, Nat. Hazards Earth Syst. Sci. Discuss. 

[preprint], https://doi.org/10.5194/nhess-2023-224, in review, 2024. 



 
 

49 
 

 

Voit, P. and Heistermann, M.: Brief communication: Stay local or go global? On the construction of plausible 965 

counterfactual scenarios to assess flash flood hazards, Nat. Hazards Earth Syst. Sci., 24, 4609–4615, 

https://doi.org/10.5194/nhess-24-4609-2024, 2024b. 

 

Voit, P. and Heistermann, M. (2022). : A new index to quantify the extremeness of precipitation across scales. 

Natural Hazards and Earth System Sciences, 22(8), 2791–2805,. https://doi.org/10.5194/nhess-22-2791-2022, 970 

2022. 

 

Vorogushyn, S., Apel, H., Kemter, M., and Thieken, A. H.: (2022).  Analyse der Hochwassergefährdung im 

Ahrtal unter Berücksichtigung historischer Hochwasser. Hydrologie Und Wasserbewirtschaftung, 66(5), 244–

254., https://doi.org/10.5675/HyWa_2022.5_2, 2022. 975 

 

Weigl, E. and Winterrath, T. (2009): Radargestützte Niederschlagsanalyse und -vorhersage (RADOLAN, 

RADVOR-OP), Promet, 35, 78–86, 2009. 

Winterrath, T., Brendel, C., Hafer, M., Junghänel, T., Klameth, A., Lengfeld, K., Walawender, E., Weigl, E., and 

Becker, A. (2018): RADKLIM Version 2017.002: Re-prozessierte, mit Stationsdaten angeeichte  980 

Radarmessungen (RADOLAN), 5-Minuten-Niederschlagsraten (YW), 

https://doi.org/10.5676/DWD/RADKLIM_YW_V2017.002, 2018. 

WMO:, 2009. Manual on estimation of probable maximum precipitation (PMP). Geneva, Switzerland: World 

Meteorological Organization. https://library.wmo.int/idurl/4/35708, 291 pp., 2009. 

Woo, G. (2019).: Downward Counterfactual Search for Extreme Events. Frontiers in Earth Science, 7, 340. 985 

https://doi.org/10.3389/feart.2019.00340, 2019. 

 


