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In mid-July 2021, a quasi-stationary extratropical cyclone over parts of western 
Germany and eastern Belgium led to unprecedented sustained widespread 
precipitation, nearly doubling climatological monthly rainfall amounts in less than 
72 h. This resulted in extreme flooding in many of the Eifel-Ardennes low mountain 
range river catchments with loss of lives, and substantial damage and destruction. 
Despite many reconstructions of the event, open issues on the underlying physical 
mechanisms remain. In a numerical laboratory approach based on a 52-member 
spatially and temporally consistent high-resolution hindcast reconstruction of 
the event with the integrated hydrological surface-subsurface model ParFlow, 
this study shows the prognostic capabilities of ParFlow and further explores the 
physical mechanisms of the event. Within the range of the ensemble, ParFlow 
simulations can reproduce the timing and the order of magnitude of the flood 
event without additional calibration or tuning. What stands out is the large and 
effective buffer capacity of the soil. In the simulations, the upper soil in the highly 
affected Ahr, Erft, and Kyll river catchments are able to buffer between about 
one third to half of the precipitation that does not contribute immediately to 
the streamflow response and leading eventually to widespread, very high soil 
moisture saturation levels. In case of the Vesdre river catchment, due to its initially 
higher soil water saturation levels, the buffering capacity is lower; hence more 
precipitation is transferred into discharge.
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1 Introduction

During 14 and 15 July 2021, extreme flooding affected parts of western Germany and 
eastern Belgium, as well as parts of Luxembourg and the Netherlands (Cornwall, 2021; Davies, 
2021a; Davies, 2021b; Mohr et al., 2023). In Germany and Belgium, the event caused more 
than 200 fatalities (EM-DAT, 2021). Widespread substantial damage and destruction of 
infrastructure and properties occurred, with aggregated losses of about US$ 58bn associated 
with the event (Munich Re, 2025). For Europe, these are extreme numbers associated with 
flooding in recent history (Paprotny et al., 2018).
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An area most extensively affected was the Eifel-Ardennes low 
mountain range and parts of the Lower Rhine Embayment in western 
Germany, with Federal States North Rhine-Westphalia and Rhineland-
Palatinate, and eastern Belgium, including some of the Meuse River 
tributaries (Lehmkuhl et al., 2022; Mohr et al., 2023) (Figure 1).

Several studies investigated the 2021 flood event, e.g., in the realm 
of meteorological conditions, precipitation-runoff prediction, 
precipitation uncertainty or counterfactuals. Synoptic conditions, the 
hydrologic event description, including collected observations, the 
hydro-morphodynamics, the valley morphology, and changes thereof 
due to erosion, sediment and debris transport, that jointly contributed 
to the flood generation and evolution, are described, analyzed, and 
summarized comprehensively in the companion papers of Mohr et al. 
(2023) and Ludwig et al. (2023).

The first order driver of the extreme floods was widespread, 
persistent, and intense rain, associated with a quasi-stationary, 
blocked extratropical cyclone with an occluded front, orographic 
lifting at the Eifel-Ardennes low mountain range, and unstable 
moisture-laden air masses. These synoptic conditions were analyzed 
extensively, e.g., in reports by Junghänel et al. (2021) or Schäfer et al. 
(2021) with a focus on Germany and by Journée et al. (2023) for 
Belgium. In an extensive hindsight analysis of the event, the July 
heavy precipitation event was ranked by Ludwig et al. (2023) as one 
of the five heaviest precipitation events in Germany within the past 
70 years. Figure  1 shows the observed 72 h precipitation sums 
preceding and during the built-up of the main flood events from 12 
to 15 July based on the RADOLAN radar precipitation product 
(Weigl and Winterrath, 2009; DWD, 2025). Widespread 
precipitation totals exceeding 100 mm 72 h−1, locally up to 150 mm 
72 h−1, and more than 75 mm 24 h−1 during 14 July, with local 
amounts up to 100 mm 12 h−1 during the afternoon of 14 July 
affected most of the drainage and river networks of the Eifel-
Ardennes area north of the Moselle river, west of the Rhine river and 
east of the Meuse river on 14 and 15 July during the main flood 
events. Strongly impacted regions were in the catchments of the 
rivers Ahr, Erft, Kyll, Vesdre (see the catchments highlighted in 
Figure  1). Whether the extreme July 2021 precipitation can 
be attributed to climate change remains inconclusive in a study by 
Tradowsky et al. (2023); there is, however, an increased likelihood 
and severity of extreme precipitation events for the larger Western 
European region in a future climate.

Hydrologic observations of the event are either incomplete, as 
most gaging stations were destroyed, or existing rating curves cannot 
be applied to the stage observations that exceeded high water marks 
(McMillan et al., 2012; Roggenkamp et al., 2024). Mohr et al. (2023) 
contains hydrograph and water level reconstructions for some gages. 
Based on field surveys Roggenkamp et  al. (2024) derive a peak 

discharge between 1,000 m3 s−1 and 1,250 m3 s−1 for the Ahr river at 
gage Dernau, which is five times larger than the previous peak 
discharge on record.

The 2021 event is usually characterized as a pluvially triggered 
flash flood (e.g., Lehmkuhl et  al., 2022). A high antecedent 
precipitation, as an important preconditioning of the subsurface water 
storage, in combination with shallow soils, in many cases steep valley 
slopes, high gradient valleys, and heavy, widespread, persistent 
precipitation, that supposedly caused infiltration as well as saturation 
excess overland flow, are often considered as the root causes for the 
flood, with a further intensification and modulation through 
morphodynamic changes and debris transport in the river valleys 
(Lehmkuhl et al., 2022; Mohr et al., 2023; Roggenkamp et al., 2024). 
Another common explanation in this context, with a focus on soil 
water retention, assumes that shallow soils on top of impermeable 
bedrock have high infiltration rates, especially in forested areas 
through macropores, but only little buffering capacity. Once soils are 
saturated, precipitation water propagates to the streams through fast 
interflow along preferential flowpaths on top of impermeable bedrock, 
with little overland flow outside the riverbeds.

In Ludwig et al. (2023) the operational flood forecasting model 
LARSIM is able to reproduce the reconstructed Ahr flood discharge 
for a selected gage, based on observed precipitation and a storyline 
approach with pseudo global warming atmospheric simulations. Also, 
the lumped conceptual GR4H model and the integrated surface-
subsurface hydrological model (ISSHM) ParFlow in the DE06 setup 
and configuration, as described below, can realistically reproduce 
some hydrographs, based on improved radar precipitation products 
and adjusted Manning’s roughness coefficients (Saadi et al., 2023). 
However, given the complexity and the morphodynamic changes 
during the event, streamflow parametrization tuning seems unfeasible. 
Also, the hydrodynamics of the event could be simulated for the lower 
Ahr river downstream of Altenahr at spatial resolutions down to 1 m 
with the RIM2D and SERGHEI models by Khosh Bin Ghomash et al. 
(2024). In a counterfactual precipitation scenarios study, Voit and 
Heistermann (2024) can generate peak flows, which are on average up 
to a factor 2 higher than the reconstructed discharge.

Still knowledge gaps exist, and debates continue on the physical 
mechanisms that generated the 2021 flood event. For example, many 
of the analyses see preferential flow and surface runoff as drivers of the 
rapid streamflow response. What to our knowledge has not been 
considered so far is that a rapid subsurface stormflow in hillslopes in 
the (shallow) vadose zone and saturated zone can be triggered by an 
intense rainfall event, which introduces a significant amount of water 
into the subsurface. This can produce a pressure wave. The celerity, i.e., 
the speed at which this pressure wave propagates, is much faster than 
the Darcy flux velocity. Such a pressure wave can lead to rapid 
subsurface hydrologic response processes, e.g., groundwater flooding 
in the river valley convergence zones with shallow water tables, 
increased river baseflow, or saturation excess overland flow 
(Rasmussen et al., 2000; McDonnell and Beven, 2014; Zhao et al., 
2017). We hypothesize that this might also be one of the drivers for 
the magnitude and the rapid rise of the hydrographs during the 
2021 event.

In this context, we  reconstruct the event with a 52-member 
ensemble of the ISSHM ParFlow (Kollet and Maxwell, 2006, 2008; 
Kuffour et al., 2020), including the Common Land Model. ParFlow is 
run at a spatial resolution of 611 m with 15 vertical subsurface model 

Abbreviations: ASTER, Advanced Spaceborne Thermal Emission and Reflection 

Radiometer; CLC, Corine Land Cover; DE06, ParFlow Setup for Hydrological 

Germany at 611 m Horizontal Grid Spacing; GDEM, Global Digital Dlevation Model; 

GRDC, Global Runoff Data Center; IGBP, International Geosphere-Biosphere 

Programme; ISSHM, Integrated Surface-Subsurface Hydrologic Model; IHME1500, 

International Hydrogeological Map of Europe 1:1,500,000; LARSIM, Large Area 

Runoff Simulation Model; MERIT, Multi-Error-Removed Improved-Terrain; PFT, 
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levels down to 60 m depth for a mid-European model domain and 
provides a spatially and temporally consistent high-resolution 
reconstruction of the flood event. These ParFlow simulations allow 
studying the flood and ponding height generating processes in a 
numerical laboratory approach complementing existing and ongoing 
discussions and analyses of the 2021 flood event.

Physics-based ISSHMs such as ParFlow, where 2D/3D surface and 
subsurface hydrodynamics are treated in continuum approach allow 
for an explicit simulation of transport processes and feedbacks, toward 
more realistic process and terrestrial water cycle representations. 
ISSHMs show, e.g., added value due to redistribution of surface and 
groundwater, streamflow aquifer interactions, ponding and flowing 

water in river convergence zones, evolution of river networks, km-scale 
heterogeneity, hill-slope processes, including human interventions, 
etc. (Clark et al., 2017; Kollet et al., 2017; Brookfield et al., 2023).

Based on the uncalibrated physics-based ISSHM ParFlow, through 
a process-based analysis, the goals of this study are: (i) To demonstrate 
the prognostic capabilities of the ParFlow/CLM DE06 ensemble—
originally set up for water resources applications—to show whether the 
dynamics and magnitude of the July 2021 flood event are captured; and 
(ii) to further explore the physical mechanisms that generated the 
horrendous flood wave and water ponding heights of more than 7 m on 
the valley floor over extremely short time scales of only a few hours. 
However, as the modeling approach is limited in the detailed 

FIGURE 1

Geographic overview of the study region and 72 h accumulated hourly precipitation from Monday, 2021-07-12 06UTC, to Thursday, 2021-07-15 
06UTC [mm 72 h−1]; please note the non-linear colorbar scale. The Eifel-Ardennes low mountain range lies between the rivers Moselle, Rhine, and 
Meuse; the triangle Jülich, Bliesheim, Cologne roughly borders the Lower Rhine Embayment. Yellow: ParFlow model catchment boundaries as used in 
the analysis. Black squares: gaging stations under consideration with place names. Bright blue: major rivers and their tributaries (those rivers under 
special consideration are labeled: Ahr, Erft, Kyll, Vesdre). Off white dots: city names for improved orientation. Low, interspersed precipitation values are 
artifacts in the radar-based data. Numbers behind place names give the mean altitude of the place or gage. The inset shows the topography of the 
complete 2,000 × 2,000 grid point ParFlow hydrologic model DE06 domain with the study region (red) and analysis catchments (yellow) and country 
borders (black). Data sources: DWD RADOLAN RW (precipitation) (Weigl and Winterrath, 2009; DWD, 2025); River and Catchment Characterization and 
Model database v2.1 (river network) (de Jager and Vogt, 2003).
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representation of the complex small-scale topography and hydrogeology 
of the catchments, does neither resolve nor include any morphodynamic 
changes during the event, and cannot consider impacts due to 
infrastructures such as dams or obstruction at bridges, an exact 
reproduction of the reconstructed events is neither intended nor 
expected. We also do not touch upon any forecast aspect backed by 
model skill scores, despite the fact that the ParFlow ensemble we use is 
based on a forecast simulation. While we focus our analyses on four 
strongly affected catchments of the rivers Ahr, Erft, Kyll, Vesdre (see the 
catchments highlighted in Figure 1), the ISSHM provides a hydrologic 
reconstruction of the event at the local scale over the complete Eifel-
Ardennes region. The results encompass the complete state of the 
hydrologic system from groundwater across the variably saturated soil 
zone to the land surface including streams and vegetation and allow to 
interrogate the evaluation of the hydrologic states that led up to the event.

After a brief description of the study region (Section 2.1), the 
model setup is presented (Section 2.2). In the ensuing sections, 
we focus on the hydrometeorological evolution of the July 2021 floods 
(Section 3.1), before studying the discharge, subsurface storage, and 
precipitation evolution in four severely affected, meso-scale 
catchments (Sections 3.2 and 3.3). Section 4 discusses the findings and 
concludes with a summary and outlook.

2 Materials and methods

2.1 Geographic setting and scope of the 
study

The Eifel-Ardennes low mountain region ranges between 200 and 
500 m altitude. Mountain peaks reach up to 750 m (Figure 1). The 
river network is characterized by narrow valleys. Soils are generally 
shallow and rocky, prevailing are Cambisols and Luvisols according to 
the SoilGrids database (Hengl et al., 2017). The region is characterized 
by an oceanic, moist climate. Long-term mean annual precipitation 
sums in the area range between 600 mm per year in rain-shadowed 
regions of the Lower Rhine Embayment to 1,400 mm in the elevated 
parts of the Ardennes-Eifel. The four catchments under consideration 
are the Ahr (753 km2), Erft (549 km2), and Kyll (835 km2) in Germany, 
and the Vesdre (669 km2) in Belgium. Typical long-term mean average 
river discharge for the gages in Figure 1 is about 7 m3s−1 at Altenahr 
(Ahr), 2.5  m3s−1 at Bliesheim (Erft), 9  m3s−1 at Kordel (Kyll) and 
10.6 m3s−1 at Chaudfontaine (Vesdre) (DGJ, 2025; SPW-MI, 2025).

Extreme rainfall happened on 13 and 14 July (see Figure 1; Section 
3.1) with main flood events taking place on 14 and 15 July 2021 with 
discharge peaks occurring in the afternoon of 14 July and the morning 
hours of 15 July in the most affected catchments (Mohr et al., 2023). 
Our study encompasses a timespan from Tuesday, 13 July 2021 12UTC, 
to Friday, 23 July 2021 12UTC. All analyses are done for Coordinated 
Universal Time; this 2 h time delay with respect to local time needs to 
be considered when comparing to in-situ reconstructions of the events.

Many drainage and river networks in the Eifel-Ardennes region and 
part of the Lower Rhine Embayment were affected, i.e., damage was 
wide-spread. Other areas in North Rhine-Westphalia, Belgium, and the 
Netherlands also experienced severe flooding, as well as parts of 
Southern Germany, Switzerland, and Austria where flooding, flash 
floods, and mudflows happened (Mohr et al., 2023). In the following, 

we delineate the effective river catchments of the applied hydrologic 
model with reference to some main gaging stations; these model-defined 
catchments coincide with the real catchments. The selected gages are 
close to the river mouths. Except for the Vesdre river, gages and analysis 
catchments are also selected to avoid highly managed catchments.

2.2 Hydrologic model and experimental 
forecasting setup

The hydrologic model used in this study is ParFlow v3.8 in its 
GPU version (Hokkanen et  al., 2021), a parallel, fully coupled, 
physically based ISSHM. ParFlow simulates surface flow with a 2D 
kinematic wave equation which acts as the upper boundary condition 
for the subsurface flow with the 3D Richards equation in a continuum 
approach (Kollet and Maxwell, 2006, 2008; Kuffour et al., 2020). The 
ParFlow built-in Common Land Model (CLM) parameterizes the 
moisture, energy, and momentum balances and determines the flux 
partitioning at the land surface as a function of the time-variable 
external atmospheric forcing, vegetation properties, and external 
parameter fields, such as land cover or rooting depth (Maxwell and 
Miller, 2005; Kollet and Maxwell, 2008). Through the land surface 
energy budget CLM resolves net precipitation from evapotranspiration, 
and interception over vegetated surfaces, and infiltration. 

The ParFlow simulations of this study are taken from an 
experimental, quasi-operational forecasting system for a hydrologic 
Germany domain with 2,000 × 2,000 model grid points, centered over 
Germany at 611 m spatial resolution (DE06) (see inset in Figure 1 for 
the complete model domain). The DE06 setup, configuration, external 
parameter fields and their generation, as well as the experiment design 
are introduced for the first time in detail in Belleflamme et al. (2023). 
In the DE06 setup, ParFlow has 15 vertical layers with a variable grid 
spacing ranging from 0.02 m at the land surface to 18 m near the 
bedrock resulting in a depth of 60 m using a terrain-following grid. 
The land sea mask and the D4 slopes are calculated from the Advanced 
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) 
Global Digital Elevation Model (GDEM) at about 30 m resolution 
(Abrams et  al., 2020). A hydrologically adjusted DEM from the 
MERIT database is used to adjust the slopes to follow the river 
trajectories (Yamazaki et al., 2019). The static land cover information 
is from a 100 m resolution 2018 Corine v20 version (CLC2018) (EEA, 
2018), which is transferred to 18 International Geosphere-Biosphere 
Programme (IGBP) land cover types, that are translated to Plant 
Functional Types (PFTs) of CLM. Soil hydraulic parameters (porosity, 
permeability, Van Genuchten (1980) parameters saturated and 
residual water content, alpha, and N values) are derived through a 
remapping to USDA soil texture classes from SoilGrids v2017 at 
250 m resolution (Hengl et  al., 2017) and for hydrogeology the 
International Hydrogeological Map of Europe 1:1,500,000 (IHME) 
hydrogeological types are used (Duscher et  al., 2015). 
Supplementary Figure S1 gives a spatial overview of some of the most 
relevant external parameters. The model timestep as well as the output 
interval is 1 h. ParFlow simulates the complete 3D subsurface water 
budget as well as the interactions at the surface. It must be emphasized 
that the DE06 simulations have undergone a careful setup and 
configuration (see Belleflamme et al., 2023) combined with a multi-
decadal spinup, but other than that, the model is not calibrated or 
tuned at all, e.g., for soil moisture distributions or discharge.
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Our flood event reconstruction makes use of three types of 
simulations taken from the stream of ParFlow DE06 hydrologic 
forecast simulations. The analysis timespan ranges from Tuesday, 13 
July 2021 12UTC, to Friday, 23 July 2021 12UTC, encompassing the 
14 and 15 July main event days and a single forecast initialization and 
time frame. The baseline is the 10-day deterministic DE06 ParFlow 
forecast driven by the ECMWF HRES deterministic weather forecast 
(Owens and Hewson, 2018) at 1 h temporal and 0.1 deg. spatial 
resolution (resampled to the 611 m ParFlow grid) as atmospheric 
forcing (ParFlow-HRES). To sample a large range of atmospheric 
conditions and precipitation forecasts, additional 50 ParFlow DE06 
10-day forecast ensemble members are considered (ParFlow-ENS), 
driven by the 50-member ECMWF ENS probabilistic weather 
prediction ensemble. ParFlow-HRES and -ENS use the same initial 
conditions of 2021-07-13 12UTC, based on the ParFlow-CLIM 
climatology run. ParFlow-CLIM consists of a sequence of seamlessly 
concatenated 24 h deterministic ParFlow-HRES forecasts from 
12UTC to 12UTC of the following day. ParFlow-CLIM simulations 
are initialized at 2007-01-01 from a multi-decadal spinup. Except for 
the atmospheric forcing, all simulations of the study use the same 
configuration and explicitly calculate overland flow.

The ParFlow DE06 forecasts are not associated with any official 
hydrologic forecasting or early warning system, the production is 
research-driven without any mandate or data delivery obligation. 
However, as the ISSHM is run daily since the beginning of 2021, is 
based on an automatic workflow, with a strict forecast clock, covers a 
national level, uses operational weather forecasts as a driver, and has 
been run with only few interruptions, we  term the system 
“quasi-operational.”

The ParFlow model has been extensively tested, validated, and 
used in many different types of applications, Kuffour et al. (2020) 
provide an overview. Related to the flood event simulation skills of 
ParFlow needed for this study, Kollet et al. (2017) demonstrate in their 
ISSHM intercomparison study the physical models’ capability to 
simulate, e.g., hill-slope processes in an idealized tilted v-catchment 
setup. Lapides et  al. (2020) find a good agreement of ParFlow’s 
overland flow simulation with an analytical solution to the kinematic 
wave equation and lab experiments. In a real data parameter and input 
uncertainty study, Pomeon et al. (2020) use a high resolution ParFlow 
for flash flood hindcasting with NSE values of up to 0.85.

The ParFlow DE06 setup and configuration underlying this study 
was evaluated by Belleflamme et al. (2023) with respect to important 
water cycle components: monthly volumetric soil moisture anomalies 
from 2011 to 2020 show a spatial mean root mean square error (RMSE) 
of 0.02m3 m−3 when compared to ESA CCI satellite data, and a Pearson 
correlation coefficient (r) of >0.5 for 80% of the grid elements; 
evapotranspiration is compared to the GLEAM dataset with an RSME 
of 0.15 mm day−1 and r > 0.5 for 86% grid elements; water table depth 
yields in a comparison with 5,799 wells from 2011 to 2016 an RSME of 
0.32 m and r > 0.5 for 49% of the wells; river discharge at 231 GRDC 
gages shows from 2011 to 2019 a r > 0.5 at 96% of the gages and at 70% 
of the gages the Nash–Sutcliffe efficiency score (NSE) is improved 
compared to the mean flow benchmark. The ParFlow DE06 setup and 
configuration is also used in Saadi et al. (2023) who can reproduce 
reconstructed Eifel rivers’ hydrographs in model parameter and 
atmospheric forcing sensitivity study. Thus, we are confident that the 
relevant processes are adequately represented in the model and provide 
a consistent and interpretable spatiotemporal view of the event.

3 Results

3.1 Atmospheric drivers and soil moisture 
evolution

The synoptic situation characterizing the low-pressure system 
which caused the wide-spread large rainfall amounts (see Figure 1) 
has been extensively analyzed, e.g., by the DWD (Junghänel et al., 
2021), the RMI (2021), or the ECMWF (2021) and comprehensive 
analysis in Ludwig et  al. (2023). The ECMWF HRES and ENS41 
weather forecasts, Figures 2A–D,I–K taken from the ParFlow-HRES 
and ParFlow-ENS41 atmospheric forcing, show that the flood-causing 
rain events were mainly restricted to July 13 and July 14 along a 
stationary front. We  show the ENS41 ECMWF weather forecast 
ensemble member as it yields the highest discharge in our simulations 
(see Section 3.2). According to the meteorological analysis by the 
DWD (Junghänel et al., 2021), based on the observational HYRAS 
dataset (Razafimaharo et al., 2020), the 30-year July spatio-temporal 
average precipitation for the Ahr catchment is 70 mm vs. 115 mm 
72 h−1 from July 12 to 14; for the Erft catchment numbers are 
68 mm month−1 vs. 130 mm 72 h−1, and for the Kyll catchment 
73 mm month−1 vs. 126 mm 72 h−1. Precipitation rates during July 13 
were on average below 25 mm day−1 for the German catchments. The 
maximum hourly precipitation rates anywhere in the catchment from 
RADOLAN observations were 24.3 mm h−1 for the Ahr, 31.8 mm h−1 
for the Erft, 24.4 mm h−1 for the Kyll, and 17.0 mm h−1 for the Vesdre 
throughout July 13 and 14. This suggests that sustained, wide-
spread  intense rainfall, instead of convectively driven rain bursts, 
triggered the flood, which resulted ultimately in saturation excess 
instead of infiltration excess runoff production. Most rain gage 
precipitation amounts reached record highs beyond 100-year return 
periods; many measured more than 150 mm in 24 h (Junghänel et al., 
2021). Considering the HYRAS numbers above it should be noted that 
the RADOLAN radar observations are exceeded in the radar 
climatology RADKLIM dataset by DWD (Winterrath et al., 2017) 
with more widespread > 100 mm 72 h−1 precipitation, or quantitative 
precipitation estimates products in Saadi et  al. (2023) with > 
150 mm 24 h−1.

The ECMWF forecasted daily precipitation sums in Figure  2 
resemble the order of magnitude of the aforementioned precipitation 
amounts from different observational products. The smooth 
precipitation fields result from the bicubic resampling of the 
atmospheric forecasts to the 611 m ParFlow grid. As outlined in the 
introduction, our study does not depend on an exact reproduction of 
the observed hydrometeorological extreme events in terms of the 
spatial distribution, timing, and precipitation rates, as our interest is 
in the dynamics and the physical mechanisms of the event. The 
ECMWF HRES 24 h accumulated precipitation field of 2021-07-15 
00UTC (Figure 2C) does not resemble the radar-based observation of 
Figure 1, irrespective of the difference in the aggregation time span. 
Using the same color scale, ECMWF ENS41 more closely resembles 
the peak precipitation in the center of the analysis domain and the 
vicinity of the affected rivers’ source areas; for many grid elements 
more than 150 mm total precipitation were forecasted on for July 14 
(Figure 2J).

In both ParFlow simulations shown, the intense precipitation, 
especially during 14 July (Figures  2A–D,I–K), results in a sharp 
increase in instantaneous soil water saturations of the upper 0.3 m in 
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Figures 2E–H,L–N which coincides with the spatial distribution of 
precipitation. In ParFlow-HRES the spatial average soil water 
saturation over the entire analysis region (Figure 1) increases from 
70% on 13 July at 00UTC to 75% saturation on 14 July and to 88% on 
15 July. Hence, the soils in large parts of the catchments still have 
some capacity to store parts of the precipitation at the onset of the 
event. Spatial averages over the four analysis catchments show 
maximum saturation values between 91% for the Erft and 97% for the 
Vesdre catchment. From the four analysis catchments, the Vesdre 
catchment in ParFlow-CLIM shows a notably different 
preconditioning Figure 2E with saturations greater than 95% for most 
grid elements and nearly full saturation at the onset of the event 
(Figures 2F,L). Section S2 of the supplement contains a comparison 

of the ParFlow volumetric soil moisture to the ESA-CCI 
satellite observations.

3.2 Flood characteristics

Figure 3 shows the hydrographs at Altenahr, Bliesheim, Kordel, 
and Chaudfontaine gage locations (see Figures 1, 2). Discharge is 
derived from ParFlow’s overland flow calculation at these locations in 
the river convergence zones.

The ParFlow-HRES baseline Altenahr and Chaudfontaine 
hydrographs (Figures 3A,D) are characterized by steep rises during 14 
July afternoon and peak discharge during the night from 14 to 15 July 

FIGURE 2

Temporal evolution of precipitation and soil moisture over the study area. First row (A–D): 24 h precipitation sums [mm d−1] from ECMWF HRES 
deterministic forecasts at the time indicated above the plot. Second row (E–H): Soil water saturation [%], instantaneous field at 00UTC, mean of the 
upper 0.3 m (5 model layers) from ParFlow-HRES. Third and fourth row (I–N): As (A–H), but for ECMWF ENS41 forecast and ParFlow-ENS41 simulation. 
The instantaneous soil water saturation always results from the field of 24 h precipitation sums shown above. Because the ParFlow-HRES and -ENS41 
runs are started at 2021-07-13 12UTC with the same initial conditions, the HRES and ENS41-based fields in column 1 are the same; the precipitation 
sums at 2021-07-14 00UTC (B) are a combination of HRES (00 to 12UTC) and ENS41 (12 to 24UTC). Please note the non-linear scaling of the color 
bars.
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and during the day of 15 July, as an immediate response to the 
precipitation forcing (Figures 2, 4). The ParFlow-HRES Kordel and 
Bliesheim hydrographs show a similar behavior, albeit with a much 
lower peak discharge (Figures 3B,C). In all cases the historical pre-July 
2021 maximum discharge values for the investigated gages Altenahr 
(HHQ = 236m3s−1), Bliesheim (HHQ = 56m3s−1), Chaudfontaine 
(HHQ = 275m3s−1), Kordel (HQQ = 218m3s−1) (DGJ, 2025; SPW-MI, 
2025) are clearly exceeded (except for Kordel) in the ParFlow 
simulations (Figure 3), which agrees with observed event exceedances 
of water levels as compiled soon after the event in Kreienkamp et al. 
(2021). Except for Chaudfontaine the daily 12UTC reinitialized 
ParFlow-CLIM discharge matches ParFlow-HRES which hints to a 
good HRES forecast skill and indicates that the frequent atmospheric 
forcing reinitialization in ParFlow-CLIM does not affect the 
simulation’s temporal consistency.

The large precipitation bandwidth in the ECMWF driving data 
ensemble with reference to timing, total amounts, intensity, and 
spatial distribution (data not shown) leads to highly differing 
hydrographs and discharge peaks simulated by ParFlow, as indicated 
by the shading in Figure 3. In a study by Saadi et al. (2023), that 
investigated the effect of different quantitative precipitation estimate 
datasets from meteorological radar observations, ParFlow peak 
discharge with a DE06-derived configuration also shows a 
large bandwidth.

The ParFlow-ENS41 for Altenahr, Bliesheim, and Kordel and 
ParFlow-HRES for Chaudfontaine yield the highest peak-flows. 
Although the study’s primary goal is not to exactly reproduce the 
event, the ISSHM ParFlow can capture the timing, evolution, and the 
order of magnitude of the reconstructed event remarkably well, if only 
those ParFlow simulations out of the 52 simulations are considered 

FIGURE 3

Discharge (Q) [m3s−1] for four gages of the analysis catchments. (A) Ahr river catchment, gage Altenahr, (B) Erft river catchment, gage Bliesheim, (C) Kyll 
river catchment, gage Kordel, (D) Vesdre river catchment, gage Chaudfontaine. Note the initialisation time at 2021-07-13 12UTC from the ParFlow-
CLIM simulation from where the different model realizations diverge (ParFlow-CLIM, -HRES, -ENS[1...50]). Blue solid line: ParFlow-HRES; bright blue 
solid line: ParFlow-CLIM; blue/bright blue shaded area: minimum and maximum / 25th and 75th quantile of ParFlow-ENS[1…50]; blue dashed line: 
median of ParFlow-ENS; thick blue dotted line: hydrograph of peak discharge ParFlow run (HRES and ENS-41) (HRES causes peak discharge for 
Chaudfontaine); red solid line: pre-July 2021 observed peak discharge in [m3s−1] from DGJ (2025) and SPW-MI (2025); gray numbers (Qpeak_rec), 
upper right corner: estimated and reconstructed 2021 flood discharge in [m3s−1] from Dewals et al. (2021) and Mohr et al. (2023).
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which yield the highest discharge (thick blue dotted line in Figure 3). 
The behavior of this hindcast ensemble clearly underlines the 
importance of using large atmospheric forcing data ensembles and 
many hydrologic ensemble members, as emphasized also, e.g., by 
Cloke and Pappenberger (2009) or Harrigan et al. (2023).

Mohr et al. (2023), their Table 1 and Figure 6 for Germany, and 
Dewals et  al. (2021) for Belgium give overviews of the event’s 
approximated hydrographs and water stages or peak discharge values, 
that could be estimated or reconstructed (Figure 3, gray numbers in 
the plots), despite largely incomplete hydrologic observations due to 
many destroyed gaging stations, and the fact that empirical water 

stage-discharge relationships are not applicable under such extreme 
flood conditions.

The event’s extremeness becomes even more obvious when 
considering the detailed reconstructions and event descriptions in 
DGJ (2025), Mohr et al. (2023) or Roggenkamp et al. (2024). The long-
term mean discharge of the Ahr river at gage Altenahr is 6.3m3s−1; the 
daily mean discharge was approximated to about 600 m3s−1 (±50 m3s−1) 
on July 15, as opposed to the previously highest daily mean of 
162 m3s−1 on 21 December 1993. On 14 July the water level was about 
1 m at 10UTC, which equals about 60m3s−1 discharge, reaching about 
550 m3s−1 between 19 and 20 CEST before the measurements ceased. 

FIGURE 4

For the gaged catchment areas as defined in Figures 1, 2 of the (A) Ahr, (B) Erft, (C) Kyll, (D) Vesdre catchments: Cumulative precipitation (P, green 
colors), discharge (Q, blue colors), and total subsurface storage change (ΔS, brown colors) per unit catchment area in [mm h−1] with respect to 2021-
07-13 12UTC. Light green: ECMWF-HRES precipitation for ParFlow-CLIM; green: ECMWF-HRES precipitation for ParFlow-HRES; green shading: 
minimum and maximum of ECMWF-ENS[1…50]; green dashed line: median of ECMWF-ENS[1…50]; thick green dotted: precipitation of peak discharge 
ParFlow runs (HRES and ENS-41). Light blue/brown solid line: ParFlow-CLIM discharge/storage; blue/brown solid line: ParFlow-HRES discharge/
storage; blue/brown shaded area: ParFlow-ENS[1…50] minimum and maximum discharge/storage; blue/brown dashed line: ParFlow-ENS[1…50] 
median discharge/storage; thick blue/brown dotted line: discharge/storage of peak discharge ParFlow runs (HRES and ENS-41). For Chaudfontaine 
peak discharge is caused by HRES and curves are overlain.
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In the Roggenkamp et al. (2024) reconstruction a peak discharge is 
quantified between about 1,000 m3s−1 and 1,250 m3s−1 with a water 
level above the riverbed of about 6 m for the place of Dernau, shortly 
downstream of gage Altenahr. These values exceed the previous 
highest peak on instrumental record of about 236 m3s−1 with water 
levels of about 3.7 m on 2 June 2016 by up to a factor of 5 (DGJ, 2025; 
Roggenkamp et al., 2024).

One of the main results of this study is the proven capability of the 
ParFlow ISSHM, in its DE06 setup and configuration designed for 
water resources forecasts, to capture the extreme July 2021 flood event 
without any additional calibration or tuning.

3.3 Storage buffer characteristics

To better understand the ambient hydrologic conditions that led 
to the event and its evolution, we estimate and inspect the storage 
buffer of the different watersheds, which strongly impacts the onset 
and peak of flooding. Figure  4 juxtaposes the cumulative 
precipitation forcing and discharge responses at the gages per unit 
catchment area of the different ParFlow simulations, and in addition 
also the total subsurface water storage change since the start of the 
simulation. The storage is calculated from the relative saturation 
output of ParFlow, based on the model porosities and 
layer thicknesses.

In our purely model-based assessment, the July 2021 
hydrometeorological extreme event is constrained to 14 and 15 July. 
The large precipitation bandwidth of the ECMWF-ENS ensemble, 
ranging for example in the Ahr catchment from precipitation totals 
from 2021-07-13 12UTC to -07-15 00UTC from about 15 mm 36 h−1 
to about 150 mm 36 h−1 is characteristic for all catchments. For the 
actual event, the ECMWF-HRES sums and the median of the 
ECMWF-ENS show a similar behavior. The steep and steady rise of 
ECMWF-HRES and ECMWF-ENS median cumulative precipitation 
in the forecasts agrees with the assessment from Section 3.1. 
Precipitation fell nearly entirely during the 2nd half of 14 July and 
caused the extreme runoff generation and flooding in the Kyll and Ahr 
river valleys and along the Erft in the Lower Rhine Embayment region 
late on 14 July and on 15 July. The Vesdre catchment received about 
the same amount of precipitation during 14 July, but with an earlier 
onset and a slower temporal evolution of the flooding.

The order of magnitude of ECMWF-HRES precipitation totals 
matches with radar observations (see Figure 1) and analyses in Ludwig 
et al. (2023) or Saadi et al. (2023), however with an underestimation 
of about 15-20 mm 36 h−1 for the Ahr, Erft, and Kyll catchments (data 
not shown). The coarser resolution atmospheric model runs, such as 
the 9 km resolution ECMWF-HRES and 18 km -ENS datasets are 
typically associated with a lower extreme event precipitation intensity 
(e.g., Ban et al., 2021). This also shows with the highest precipitation 
sums (which also cause the highest discharge). Precipitation rates 
between the ECMWF-ENS41 and ECMWF-HRES are very similar, 
however the ECMWF-ENS41 precipitation onset is about 12 h earlier 
in case of Ahr, Erft and Kyll catchments and yields eventually about 
double the precipitation amount than ECMWF-HRES. In general, 
many ECMWF-ENS ensemble members produce plausible 
precipitation amounts.

The lower slopes of the cumulative runoff as opposed to the 
cumulative precipitation indicate that water continues to infiltrate. The 

Ahr and Kyll catchments show a behavior where on average about one 
third of the total precipitation is buffered by the subsurface. For the 
Erft catchment buffering capacity is about half of the precipitation. In 
the Vesdre catchment with higher initial saturation levels (Figure 2) 
and less subsurface buffer, about all precipitation is transformed into 
discharge, with a time lag of about 24 h. The ratios of storage change 
to the precipitation sum ratios remain similar for all simulations per 
catchment, starting off from the same initial conditions at 2021-07-13 
12UTC, which indicates that infiltration continued and storage 
capacity is not yet exceeded.

Per unit catchment area, the cumulative discharge-precipitation 
ratios at 2021-07-17 00UTC for the highest discharge simulations are 
71% (ParFlow-ENS41) (110 mm discharge vs. 155 mm precipitation) 
for the Ahr, 46% (73 mm discharge vs. 160 mm precipitation) for the 
Erft, 57% (74 mm discharge vs. 129 mm precipitation) for the Kyll, 
and 96% (ParFlow-HRES) (157 mm discharge vs. 163 mm 
precipitation) for the Vesdre.

This, as well as the fact that the ENS precipitation ensemble and 
runoff ensemble do only partly overlap, indicates a substantial 
buffering capacity in the modeled system, which is reflected also in the 
estimation of the cumulative subsurface water storage change 
(Figure 4). The modeled buffering capacity also reduces the spread in 
the hydrological response with respect to the atmospheric forcing in 
almost all catchments.

The 2nd main result of the study is that for the Ahr, Erft, and Kyll 
catchments between about 30 and 50% of the precipitation can 
infiltrate, avoiding even higher discharge peaks, despite already high 
antecedent soil moisture saturation. For the Vesdre catchment with 
less subsurface buffer, about all precipitation transforms into discharge.

4 Discussion

In this study, we used the ISSHM ParFlow in a high-resolution 
experimental, quasi-operational forecasting setup for water resources 
assessments, to provide a spatially and temporally consistent event 
reconstruction and an analysis of the hydrologic characteristics and 
physical mechanisms that led to the extreme July 2021 flood event and 
its evolution in the Eifel-Ardennes low mountain range in western 
Germany and eastern Belgium.

In a purely simulation-driven numerical laboratory approach, 
without specific additional calibration or tuning, ParFlow with the 
DE06 setup and configuration can reproduce the extreme July 2021 
flood event in a hindcast ensemble with a lead time of 24 h in terms 
of magnitude, timing, and location when compared to available 
information from detailed reconstructions of the floods. This is also 
due to the driving ECMWF-HRES and -ENS precipitation forecasts, 
whose large variance encompasses the observed precipitation amounts.

In terms of the hydrologic modeling, the study shows that an 
uncalibrated physically based ISSHM can simulate extreme events that 
are beyond the currently available observational data records, which 
arguably renders calibration meaningless. This demonstrates the 
prognostic capabilities of the ParFlow DE06 ensemble. Thus, the 
proposed modeling approach is an applied, highly versatile monitoring 
and forecasting system especially useful in ungaged or data-scarce 
regions, and when trans-regional or transnational exchange of data is 
limited. The high-resolution model approach, that can be  run 
efficiently on state-of-the-art GPU-clusters, cannot only be used for 
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water resources applications, but is able to capture the sub-daily 
dynamics of extreme flooding and provide useful information at the 
local scale.

Despite the successful reproduction of the July 2021 flood event, 
the simulation-driven numerical laboratory approach has 
uncertainties and limitations which affect the results. For example, 
external surface and subsurface parameters are simplified. The 
ParFlow DE06 setup uses a very recent, but static land cover dataset. 
The soil and subsurface hydraulic properties, i.e., the description of 
the complex hydrogeology of the Eifel-Ardennes region, are based on 
SoilGrids soil texture classes, which are reclassified into 
U. S. Department of Agriculture (USDA) soil types to be used with the 
USDA ROSETTA pedotransfer function model (Schaap et al., 2001) 
for Van Genuchten parameters. Below the SoilGrids depth-to-bedrock 
the permeability, porosity, Van Genuchten parameters saturated and 
residual water content, n and alpha, are assigned to IHME 
hydrogeological types. In the DE06 setup, the Manning’s surface 
roughness coefficient is constant; in their study on the July 2021 flood, 
Saadi et al. (2023) used spatially varying Manning’s parameters to 
obtain reconstructed peak discharge, which may help to adjust the 
model to changing morphodynamics in the river valleys during the 
event. The 611 m horizontal grid spacing does not resolve the very 
steep and narrow river valleys of the Eifel-Ardennes mid mountain 
ranges; the scale-consistent river parameterization as developed by 
Schalge et al. (2019) for ParFlow is not used. A first order uncertainty 
additionally exists through the atmospheric forcing data. In our study 
this is accounted for by using the 50-member ECMWF-ENS forecast 
in conjunction with the ECMWF-HRES forecast, which introduces a 
considerable resolution gap (18 km and 9 km versus 0.611 km). Even 
for high-resolution meteorological radar quantitative precipitation 
estimates, Saadi et al. (2023) documented underestimations of the 
RADOLAN data of up to 20%. Because the hindcast ensemble is based 
on quasi-operational forecasting simulations and the goal is to 
demonstrate the capabilities of this quasi-operational setup, we only 
consider precipitation induced uncertainties.

Note, ParFlow ISSHM in the DE06 setup reaches reconstructed 
discharge magnitudes (Figure 3) at the four analysis gages, when 
those hydrologic model ensemble members (ParFlow-ENS41, 
ParFlow-HRES) are considered that are driven by the highest 
cumulative precipitation amount from the atmospheric forecasts. By 
tuning (reducing) Manning’s coefficient with historical flood events 
and landscape and soil heterogeneity in the DE06 setup, Saadi et al. 
(2023) simulate the reconstructed peak discharge also with a 
precipitation forcing equivalent to ECMWF-HRES. In this study, 
because DE06 is always forced with an atmospheric ensemble, the 
event is albeit captured. Also, ECMWF-HRES is close to RADOLAN 
precipitation sums, which are arguably too low when compared to 
quantitative precipitation estimates based on different radar retrieval 
algorithms in Saadi et al. (2023) or with reprocessed RADKLIM data 
(Winterrath et al., 2017; DWD, 2025). Furthermore, the extensive 
DE06 evaluation by Belleflamme et al. (2023) yields good agreement 
with observations and the DE06 setup and configuration needs to 
be suitable for a wide range of applications and catchments without 
additional tuning. 

Because of the physical consistency of the ISSHM ParFlow 
simulations, the DE06 ensemble can be used to further explore the 
physical mechanisms that generated the widespread extreme flood 
and water ponding heights in Eifel-Ardennes valleys during the 2021 

event. Due to the surface and subsurface water interaction, the 
dynamics of the 2021 flood event in our modeling study are different 
than those of flash floods, that develop rapidly and are dominated by 
infiltration excess overland flow.

An important driving mechanism for the extreme July 2021 flood 
event was sustained, intense rainfall over a timespan of about 12 h 
over the almost complete area of the catchments under consideration. 
The high average amounts of catchment-wide precipitation might 
have caused fast pressure responses of the drainage system in the 
center of the valleys, leading to rapidly rising hydrographs and 
eventually high discharge peaks along the river networks. Considering 
the ParFlow-ENS41 simulation in the Ahr, Erft, and Kyll catchments, 
we hypothesize that the slope of the cumulative discharge per unit 
catchment area in Figure  4, which is smaller than the slope for 
cumulative precipitation and subsurface storage change, might 
be indicative of a relatively slow interflow, i.e., the contribution to the 
river discharge at the gage is delayed due to slow subsurface water 
movement. The fast reaction of the hydrograph at the gages (Figure 3, 
dotted lines) with only little temporal delay to the precipitation signal 
(Figure 4, dotted lines) might however be an indication of a strong and 
fast pressure response in the subsurface, i.e., a pressure wave, induced 
by heavy precipitation loading, that propagated quickly through 
saturated soils eventually leading to high exfiltration in the river 
valleys, i.e., the convergence zones, with high water tables, 
accompanied by little sheet flow outside the river channels.

The initial soil moisture state is highly relevant in the initiation 
and evolution of flooding, especially with widespread  intense 
precipitation events that affect the complete catchment, because soil 
moisture storage acts as an effective precipitation buffer (Merz et al., 
2020). However, contrary to common beliefs, a considerable soil 
moisture buffer exists in our study during the onset of the event. Also, 
given the complex topography, and varying valley cross sections with 
funneling effects and blocking situations due to debris, accurate 
discharge forecasts are arguably impossible under these conditions. 
Thus, instead of focusing only on discharge, the study additionally 
interrogated the spatiotemporal evolution of the storage buffer 
characteristics, which are a key factor in the generation and magnitude 
of the flood event.

In the simulations, the upper soil in the Ahr, Erft and Kyll 
catchments can buffer between about one third to one half of the 
precipitation that does not contribute immediately to the streamflow 
response. This in turn suggests that under higher ambient soil 
moisture conditions at the beginning of the precipitation event, 
discharge and peak flows may be even larger, which is disconcerting 
in view of the experienced catastrophic destruction and loss of lives. 
In case of the Vesdre catchment, due to its initial moisture state with 
higher soil water saturation levels, the buffering capacity is lower; 
hence more runoff is simulated in comparison to the other catchments.

This study adds a process-based analysis to the body of existing 
literature on the 2021 Eifel-Ardennes flood. With the ParFlow DE06 
setup and configuration the capability of a transferable, uncalibrated 
ISSHMs is demonstrated to identify a combination of critical 
hydrometeorological system states in advance of an extreme event and 
to simulate and reconstruct the flood event based on simulated initial 
conditions. Given the large ensemble precipitation spread with even 
higher plausible daily precipitation sums, and the importance of the 
soil water buffer, sensitivity studies could be designed to systematically 
quantify the discharge behavior of flood-prone mesoscale catchments 
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with similar topographic conditions under different initial soil 
moisture conditions in combination with large-scale, extreme 
precipitation ensembles.
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