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ABSTRACT
Understanding and preparing for extreme events in a warming climate remains challenging, particularly for modelling flash 
floods in small- to mesoscale catchments. While top-down modelling approaches that describe fluxes at the system scale are 
often effective for riverine floods driven by saturation-excess runoff, bottom-up approaches are better suited to capturing 
intensity-controlled runoff generation and associated preferential flow processes. Based on the gradient-conserving simplifica-
tion of representative hillslopes, a meso-catchment scale spatially distributed, process-based model was applied to simulate a se-
vere summer flood event that occurred in 1994 in southwest Germany. Our approach provides a balance between the complexity 
required to represent coupled flow processes at the hillslope scale and the practical constraints of scaling these to the mesoscale. 
Following evaluation against available observations, the model is used to reconstruct flood magnitudes in poorly gauged but se-
verely affected headwater regions in the catchment. The results highlight the influence of spatial variability in gradients and land 
use on runoff generation in these areas. To further explore these findings, we conducted additional simulations across a range 
of precipitation return periods to examine the sensitivity of flood response under different scenarios. The results suggest that 
uncertainties are more pronounced at smaller spatial scales, likely due to data limitations. Finally, simplified nature-based solu-
tion (NbS) scenarios were implemented at the hillslope and headwater scales to explore their potential influence on downstream 
flood response. This study contributes to improved understanding of overland flow responses over mesoscale catchments, a crit-
ical scale for flood management, particularly under increasing convective extremes as a result of anthropogenic climate change.

1   |   Introduction

Floods are usually defined as the inundation of an otherwise dry 
area or a significant streamflow event extending well beyond the 
regular river banks (Mishra et al. 2022). They can result from 
various atmospheric processes (Merz et  al.  2021), which are 
then modulated by local catchment and river network dynam-
ics, and are heavily impacted by anthropogenic climate change 
(Pall et al. 2007) and other human induced modifications. Flood 
risk management can be improved by adopting better modelling 
strategies (Brunner et  al.  2021) that explicitly account for the 
rarity of such events.

Unlike floods controlled by storage (saturation excess—
Dunne 1978) or driven by channel networks (Merz et al. 2021), 
flash floods typically result from Hortonian overland flow 
(Horton 1933), which is usually driven by convective storm ac-
tivity (Meyer et  al.  2022) in small headwater catchments and 
influenced by localised preferential flow processes, such as mac-
ropore flow.

It is important to emphasise that the flow patterns and 
subsequent attenuation of flood waves in river channels 
(Fenton  2019) are more thoroughly observed and charac-
terised than the localised processes (Bronstert et  al.  2023) 
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occurring at the hillslope scale. These localised processes 
may include, but are not limited to, antecedent conditions, re-
infiltration, surface sealing, and the activation of preferential 
macropore flow. These nonlinear processes interact to create 
significant and evolving hazards, whose impacts cannot be 
accurately predicted by generalised linear models (Kirkby and 
Cerdà 2021; Nash 1957).

Conversely, as shown by recent advances in so-called nature-
based solutions (NbSs-(Guillaume et al. 2025; Richet et al. 2017; 
Rosier et al. 2024)), localised, site-specific water retention mea-
sures could attenuate the flood at the cause scale (e.g., hedge-
rows at agricultural fields) rather than seeking measures to 
tackle the flood at the effect scale (e.g., flood reservoirs near the 
catchment outlet).

Spatially distributed, process-based modelling approaches 
(Fatichi et al. 2016) have much to offer to tackle the challenges 
associated with such intensity-controlled events. These models 
rely on correctly representing the gradients driving the flow, 
hence requiring far fewer events for model learning. Transfer 
learning implies that parameter values from catchments shar-
ing similar characteristics could be used throughout the entire 
region. They also enable the virtual implementation of NbS at 
the hillslope scale, allowing for intricate details such as the spa-
tial arrangement of these measures with respect to the dominant 
flow paths within the catchment.

One potential drawback of using such models is their high de-
mand for data and computational complexity. This consider-
ation becomes increasingly important in design, where rapid 
and cost-effective alternatives are usually preferred. Innovative 
catchment simplifications that maintain the system's total flow 
potential could effectively balance computational complexity 
with necessary process representation. One such approxima-
tion is the concept of representative hillslopes (Loritz et al. 2017) 
which tries to model only a fictitious representative hillslope 
profile derived from the topology of all existing hillslopes within 
a catchment. While the concept has shown promising results in 
smaller experimental catchments (Loritz et  al.  2017; Villinger 
et al. 2022) and recently to predict flash floods in poorly gauged 
headwater catchments (Manoj et al. 2024). It remains to be seen 
how such simplifications impact process representation and 
model performance at the larger mesoscale.

Flood risk management should ideally also take care of ‘sur-
prises’ (Mishra et  al.  2022). A growing concern is the failure 
of flood retention structures designed for a T-year return pe-
riod when faced with a storm that has a return period shorter 
than T. Idealised design workflows often overlook responses to 
short-duration events that mainly trigger intensity-controlled 
(Hortonian) runoff generation. This issue is exacerbated in some 
cases due to the lack of records for past destructive flooding ep-
isodes, especially those that occurred in localised (often poorly 
gauged) headwater catchments.

At the hillslope scale, non-linearities and complexities due to 
changing landuse patterns significantly influence the shape of 
the flood hydrograph. However, flood management practices 
often focus on much larger scales, typically due to social and 
administrative constraints. Changes in land use, especially soil 

sealing, compaction, and the removal of hedgerows, have con-
tributed to increased water loss through runoff in post-World 
War II Europe (Auerswald et  al.  2025). On the other hand, if 
implemented properly, such changes have the potential to miti-
gate some of the adverse effects of global warming on terrestrial 
environments. Unfortunately, they are neither adequately repre-
sented in hydrological models nor considered a viable pathway 
to achieving sustainability goals.

With the following challenges in mind, in this study, we explore:

a.	 How does upscaling representative hillslopes, derived from 
the average topographic gradient at the subbasin scale, to 
the mesoscale through hydraulic routing influence the 
simulation of runoff generation processes and flood dy-
namics during convective events?

b.	 What do reconstructed flood events reveal about the dom-
inant runoff generation mechanisms, including the role of 
preferential flow, and the validity of existing flood design 
assumptions in the catchment?

c.	 Is it possible to provide protection against such flash floods 
at the larger meso-scale by using localised NbS on the 
hillslope scale?

2   |   Venue and Modelling Philosophy

2.1   |   Study Area

The Elsenz Schwarzbach catchment (located in the federal state 
of Baden-Württemberg, Germany) was chosen as the study 
area (Figure  1), as it was severely impacted during the cata-
strophic 1993–1994 (Disse and Engel 2001; Villinger et al. 2022) 
flood series in Germany. The German federal state of Baden-
Württemberg lies toward the country's southwest, sharing land 
borders with France and Switzerland. The two major climatic 
regimes according to the Köppen-Geiger classification (Beck 
et al. 2018) are temperate oceanic climate (Cfb) and humid and 
warm continental climate (Dfb). The state is primarily drained 
by the subcatchments of the Rhine, with the rest by the Danube 
catchments (Ho et al. 2025).

This medium sized mesoscale catchment (196 km2; Figure  1), 
while being largely hydrologically unobserved (except for 
streamflow) shares similar geological and pedological char-
acteristic as the heavily experimented (but smaller: 3.5 km2) 
Weiherbach catchment (Figure  A1 in Appendix  A) (Zehe 
et  al.  2001). Both the catchments lie in the ‘Kraichgau’ re-
gion, mainly consisting of agricultural catchments with Loess 
soils. The Elsenz Schwarzbach drains into the Neckar river at 
Neckargemünd. The river Neckar then joins the Rhine river at 
Mannheim.

During the convective storm-driven summer flood (27 June) 
of 1994 (Appendix  B), an estimated destruction (Figure  B2 in 
Appendix  B) of 250–300 million Deutsche Mark was reported 
(Henkel  1994) in the 10 municipalities within the Elsenz 
Schwarzbach catchment (Appendix B). Sadly, three human fa-
talities were also reported for the event. The most severely af-
fected (Vogt 2024) where the towns of Eschelbronn, Helmstadt, 
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Waibstadt, and Neckarbischofsheim (Figures  1 and A6 in 
Appendix  A). The temporal preconditioning of the event by 
the winter floods of 1993–1994 also led to a compounding of 
impacts (Ruiter et  al.  2020) in the region. Due to these cata-
strophic flooding episodes in 1993–1994, a comprehensive flood 
protection concept (Zweckverband Hochwasserschutz Elsenz-
Schwarzbach 2016) was developed for the entire region, leading 
to the construction of local flood retention basins throughout 
the catchment area. Around 20 flood reservoirs are now op-
erational within the catchment with a combined design flood 
storage volume of 885 000 m3. The region again faced a severe 
convective storm clustering in June 2016, leading to localised 
flash floods (Manoj et al. 2024) overtopping the flood reservoirs 
in some regions (Figure B4 in Appendix B).

2.2   |   Representative Hillslopes

Balancing the intricacies required for process based models 
with the required simplicity stemming from parsimony consid-
erations (Hrachowitz and Clark 2017) has long been considered 
one of the holy grails of hydrology. While top-down approaches 
(such as the unit hydrograph) offer readily applicable solutions, 

they are often criticised for their simplifying assumptions. 
Models resting on bottom-up paradigms (Fatichi et  al.  2016), 
on the other hand, demand a larger parameter space and higher 
computational complexity.

The concept of representative hillslopes (Loritz et al. 2017) is an 
attempt to bridge the gap between these two worlds. Building 
upon related works (Cochrane and Flanagan  2003; Francke 
et al. 2008) on deriving representative hillslope catena for catch-
ments, the approach addresses the question of what is a mean-
ingful approximation for the large number of dominant flow 
paths in a hydrological system, and up to what scale do such ap-
proximations hold good. By creating and modelling a fictitious 
hillslope (which doesn't really exist in the system but is rather an 
derivation of the averaged distribution of potential energy of all 
the existing hillslopes along the averaged distance to river), the 
approach shows commendable results (Loritz et al. 2017; Manoj 
et  al.  2024; Villinger et  al.  2022) in reproducing the rainfall-
runoff behaviour in headwater catchments up to 20 km2. 
Here we expand this concept to the scale of the entire Elsenz 
Schwarzbach catchment—the idea is to connect representative 
hillslope models for the sub-catchments with river network and 
a hydraulic routing scheme.

FIGURE 1    |    Land cover map of the predominantly agricultural and forested Elsenz–Schwarzbach catchment, showing the locations of major pop-
ulation centres (see also Figure A4 in Appendix A). The inset indicates the catchment's location within Baden-Württemberg, Germany.
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2.3   |   Modelling Approach

2.3.1   |   Hydrological Model

Beginning from around 1990, the Weiherbach catchment 
(Figure A1 in Appendix A) in the Kraichgau region was the focus 
of detailed experiments on the interplay between infiltration, run-
off generation and related transport processes of solutes and sed-
iments with a focus on explanatory, physically based modelling 
(Bronstert et al. 2023; Zehe et al. 2001). The spatially distributed, 
process based hydrological model CATFLOW (Zehe et al. 2001) 
was developed as part of this detailed field investigations. The 
basic modelling unit is a 2D hillslope. Water and solute dynamics 
of each hillslope element are simulated on a terrain following cur-
vilinear grid. Therefore, the fundamental equations for mass and 
water transport must be transformed from their typical Cartesian 
form into curvilinear coordinates.

Assuming that u(�, �) and v(�, �) are the mapping functions of 
the curvilinear coordinate directions � and � into the cartesian 
coordinates x and z such that.

Since the physical line element (distance, ds2 = dx2 + dy2 = d�2 + d�2) 
has to be invariant under the transformation and by using chain 
rule of differentiation successively:

where are the metric coefficients that have to be evaluated 
locally at each grid point. The use of curvilinear coordinates 
simplifies modelling complex hillslope soil surfaces, allowing 
for more accurate representation of surface runoff and erosion 
processes.

Soil water dynamics within the hillslopes are then characterised 
using the 2D Darcy–Richards equation in these transformed 
curvilinear coordinates.

The coefficients k�� , k�� , k�� account for the anisotropy of the 
hydraulic conductivity and � represents the source and sink 
terms. The soil hydraulic conductivity K(�) as a function of the 
relative saturation, S and the soil water retention function (the 
soil water content, � as a function of the matrix potential (�) 

can be parameterized according to van Genuchten  (1980) and 
Mualem (1976), Tang and Skaggs (1977) or the recently proposed 
PDI model (Peters et al. 2021).

Overland flow heights are simulated using the diffusion wave 
approximation to the Saint-Venant equation and explicit up-
streaming, in combination with the Gauckler-Manning-Strickler 
formula (Hager 2015).

The model can represent preferential macropore flow by 
using an effective macroporosity factor. This factor (Loritz 
et  al.  2017; Wienhofer and Zehe  2014) scales the ratio of in-
filtration into the macropore domain compared to the matrix 
domain.

For the effective macroporosity factor approach, as detailed in 
Zehe et al. (2001), the bulk hydraulic conductivity kBs , is linearly 
increased by a relative scaling factor, fm (if relative saturation (S) 
at a grid point exceeds a certain specified threshold 

(

So
)

 but only 
till complete saturation) as follows:

Thus, emulating the preferential flow paths (of increased satu-
rated hydraulic conductivity and consequently larger flow ve-
locities) through which water could flow to the deeper layers in 
the hillslope.

2.3.2   |   River Routing Model

The river routing model, which connects the subbasins 
through the main channel, uses a one-dimensional kine-
matic wave approximation of the Saint-Venant equations 
(Fenton  2019; Troy et  al.  2025). The law of conservation of 
mass is expressed as follows:

where Q is streamflow, x is distance along the river channel, 
A is the cross-sectional area of the river channel, t  is time, and 
q is the lateral flow from the representative hillslopes into the 
river channel. Under the kinematic wave approximation, local 
and convective acceleration as well as pressure gradient terms, 
are neglected in the full dynamic momentum equation, and the 
friction slope 

(

so
)

 is assumed equal to the bed slope 
(

sf
)

. The mo-
mentum equation then reduces to an algebraic relation between 
streamflow, Q and the flow area, A. The Gauckler-Manning-
Strickler formula is then used for the same.

where P is the wetted perimeter, A is the wetted cross sec-
tion, and Kst is the strickler roughness coefficient (which is 
also more commonly expressed as inverse of the Manning 
roughness coefficient, n). Equation  (2.7) is then substituted 
into Equation  (2.6), resulting in one equation with one 

(2.1)
x=u(�, �)

z= v(�, �)

(2.2)

�

�x
=
1

f �
�

��
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=
1

f �
�

��
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��
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��
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��
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��
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f �
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f �
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f �
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f �
�

��
(z−�)

]}

−�

(2.5)
kBs =ks+ksfm

S−So
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if So≤S<1

kBs =ks otherwise

(2.6)
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+
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= q

(2.7)Q = Kst
√

so (A∕P)
2

3 A
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unknown. This is then solved using a finite difference scheme 
that enforces a Courant condition on the time step, ensuring 
numerical stability and monotonicity of the solution, thereby 
suppressing numerical dispersion.

3   |   Methodology

3.1   |   Setting Up the Model

3.1.1   |   System Geometry

The representative hillslope profile lines were extracted indi-
vidually for all the subbasins (124 in total: Figure  2A) of the 
Elsenz Schwarzbach in parallel using the workflow outlined 
in Appendix C. Figure 2 depicts the main methodological steps 
involved in the extraction process of one such representative 
hillslope profile (Figure 2B). Firstly, the digital elevation model 
is preprocessed to fill all depressions and sinks. This is followed 
by the extraction of other rasters (Figure 2C). It is important to 
highlight that the DEM source, its spatial resolution (10 m), and 
the GIS-based processing routines may introduce uncertainties 
(Table 1) in the derivation of hillslope profiles. These uncertain-
ties can influence the representation of terrain morphology, in-
cluding slope gradients and flow pathways.

The relative elevation of each cell above the nearest stream seg-
ment and the corresponding distance to the stream segment 

define the flow profile lines (Figure 2B) in each subbasin. Flow 
profile lines can be defined as the paths water takes as it flows 
from one cell to the next, starting from a cell with no water 
inflow at the hillcrest and terminating at a river cell. Our aim 
is to derive a single representative hillslope for the subbasin 
rather than modeling all these flow profile lines individually. 
This is done by considering the total potential energy of all the 
hillslopes (Manoj et al. 2024).

Preserving this total energy implies that topography of the new 
representative hillslope should be chosen to maintain average 
topographic gradients along the flow path. We achieve this by 
binning the geopotential energy based on proximity to the river 
and then performing a weighted average (Francke et al. 2008) 
using the flow accumulation values within each segment. 
Consider all the cells (Figure  2B) at a relative distance of x m 
from the nearest stream cell, we require an estimate of relative 
elevation, h(x) for our representative hillslope, by evaluating the 
elevation (h) of all cells, at the same distance. This elevation is 
obtained by multiplying the elevation of each cell by their cor-
responding flow accumulation values (f ), which denotes the 
number of flow profile lines that pass through a cell and hence 
its relative importance. The process is then repeated for all the 
binning distances.

(3.1)h(x) =

∑All cells at x
i=1 hx

i

√

f x
i

∑All cells at x
i=1

√

f x
i

FIGURE 2    |    Schematic overview of the representative hillslope derivation. The catchment is first divided into different subbasins (A), the repre-
sentative hillslope profile for each subbasin (B) is derived from the elevation, distance and flow accumulation raster files (C). A similar approach is 
utilised to get the landuse distribution along each representative hillslope (D). The process is then repeated for all the subbasins in the catchment (A) 
in parallel using the reproducible research workflow detailed in Appendix C.
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7 of 25Hydrological Processes, 2026

Interested readers are referred to Loritz et al. (2017) and Manoj 
et  al.  (2024) for a validation of the total energy conservation 
using different distance classes and a more detailed explanation 
of the methodology. The same process is then repeated for all the 
other subbasins (Figures A2 and C1).

We converted the stream network (Figure  A3) of the entire 
catchment into a system of interconnected channel nodes, 
connecting each representative hillslope at the location of the 
corresponding sub-basin outlet. The 1D kinematic wave rout-
ing was established to model the propagation of the flood wave 
along the channel network. Due to the absence of detailed field 
data, the Gauckler-Manning-Strickler roughness (Throughout 
the remainder of this work, we use both Manning's roughness 
and Strickler values interchangeably to refer to the roughness 
coefficient (Kst) in the Gauckler-Manning-Strickler formula. 
Interested readers are referred to Hager  2015 for a historical 
anecdote) coefficients for stream routing (Table  1) were as-
signed based on literature values (United States Geological 
Survey 1989; Te Chow 1959).

Lower-order streams tend to be narrower, more vegetated, or 
irregular, resulting in greater resistance to flow than the well-
defined, larger, higher-order channels (Heldmyer et  al.  2022). 
Consequently, streams with a higher Strahler stream order 
(Strahler 1957) were assigned correspondingly higher Strickler 
values, as indicated in Table 2.

3.1.2   |   Soil and Landuse Mapping

The mesoscale catchment shares similar geological and pedolog-
ical characteristics with the heavily experimented Weiherbach 
catchment (Zehe et  al.  2001). Hence, we transferred the rela-
tive hillslope soil distribution profile (Loess and Coluvisols) 
and corresponding hydraulic functions (which include the van 
Genuchten parameters: See tab. 4 in Zehe et al. 2001) for these 
soils from the Weiherbach catchment.

Accurate land-use scenarios are a prerequisite for assessing the 
impact of landuse gradients on runoff generation at the catch-
ment scale. We use the Dynamic World landuse dataset (Brown 
et  al.  2022) for mapping the dominant landuse classes in our 
catchment. The classification taxonomy involves nine dominant 
classes. The relevant classes in our study area (Figures  1 and 
A4) and the corresponding Manning roughness values chosen 
(again informed from the Weiherbach field experiments: Zehe 
et al. 2001) are shown in Table 3.

For each subbasin (and corresponding representative hillslope), 
we now require the relative distribution of the different landuse 
classes along the gradient. This is done analogously to our ex-
traction of the representative hillslope profiles. We were inter-
ested in getting a mean value for elevation there; here, the focus 
shifts to getting the dominant landuse class for each distance 
(Figure  2D). This is attempted by looking at the relative flow 
accumulation values for each cell with a specified landuse class. 
Instead of a weighted average, we choose the class with the larg-
est areal share.

To determine the representative land-use class L(x) at a relative 
distance of xm from the nearest stream cell, we consider all ras-
ter cells located at that same distance in the different hillslope 
profiles (Figure 2B). For this group of cells, we evaluate the land-
use category by weighting each class (L) according to the flow 
accumulation of the cells that belong to it. Thus, giving greater 
influence to cells through which many flow profiles pass. We 
then sum the weighted contributions for each landuse class sep-
arately. Finally, choosing the class with the highest value for 
this weighted sum as the representative landuse class element 
at this distance. Mathematically (Equation 3.2), we seek a value 
L that maximises the weighted sum of the indicator function 
I
(

Li = L
)

, which equals 1 when a cell belongs to the class L and 
0 otherwise; multiplied by its corresponding flow-accumulation 
value fi.

3.1.3   |   Initial and Boundary Conditions

Previous works (Liu et al. 2025) have demonstrated that initial-
ising a process-based model with climate reanalysis data can 
help address the challenges of data availability in data-scarce 
regions. In a previous study conducted in headwater catch-
ments within the same region (Manoj et al. 2024), ERA5-Land 
(Muñoz-Sabater et  al.  2021) soil moisture bands was used for 
model initialisation, and the resulting CATFLOW simulations 
were compared with multiple soil moisture products (ERA5-
Land, GLEAM, GLDAS, and MERRA). While CATFLOW 
simulations were consistently drier than ERA5-Land, strong 
correlations were observed across all datasets, indicating con-
sistency in temporal dynamics.

(3.2)L(x) = arg max
L

(

∑All cells at x

i=1
I
(

Lxi = L
)

f xi

)

TABLE 2    |    Gauckler-Manning-Strickler coefficient values for 
different stream orders.

Stream order
Gauckler-Manning-Strickler 

coefficient (Kst-m
1/3s−1)

1 15

2 20

3 30

4 40

TABLE 3    |    Gauckler-Manning-Strickler Coefficient values for 
different landuse classes.

Landuse ID Class

Gauckler-Manning-
Strickler coefficient 

(Kst-m
1/3s−1)

1 Trees 8

2 Grass 10

4 Crops 9

5 Shrub 10

6 Urban 30

7 Bare earth 12
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8 of 25 Hydrological Processes, 2026

While we do not expect a direct match between CATFLOW and 
large-scale land surface model products due to differences in 
spatial resolution, vertical discretisation, and hydraulic param-
eterisation. However, for initialisation purposes, capturing rel-
ative saturation values is more critical than matching absolute 
values.

For our simulation of the historical flood that occurred in June 
1994, we again opted to use ERA5 Land Reanalysis to initialise 
the model. The initial conditions for each model run were de-
rived (after normalisation) from the hourly soil moisture band 
values, specifically: “volumetric_soil_water_layer_1-4”, from 
the ERA5 Land reanalysis product. The absolute soil moisture 
values from the land surface model were converted to relative 
saturation values using porosity and residual soil moisture pa-
rameters, and these relative saturation values were then used to 
initialise the hillslope models. A sensitivity analysis was then 
conducted to look at the benefit of such an initialisation com-
pared to a random guess of the soil moisture states.

For the historical summer flood of 1994 (Appendix B), gauges 
with finer resolution precipitation estimates are unfortunately 
not available within the catchment boundary of the Elsenz 
Schwarzbach, while the German Weather Services provides 
daily accumulated sums (DWD 2024; Rauthe et al. 2013) in the 
HYRAS gridded product (our study area received an average 
precipitation of 90 mm: Figure  B1) this is not enough for esti-
mating the dynamics of flash flood generation due to intensity 
excess Hortonian flow. To overcome this limitation of forcing 
data, we make use of the quality checked higher resolution 
(6 min) precipitation data (Figure 3) recorded at the gauging sta-
tion (Zehe et al. 2001) in Weiherbach experimental catchment 
(total sum—83 mm). Since the Weiherbach catchment also had 
a strong runoff reaction (Villinger et al. 2022) during the event 
and due to its spatial proximity (around 20 km), we assume that 
the storm intensity distribution is similar. We derive daily sums 
individually for each subbasin (representative hillslope) in our 
catchment and then assume the same distribution (rainfall 

hyetograph) of storm as recorded in the Weiherbach gauge. 
The derived series is then used to simulate each representative 
hillslope separately. To examine the sensitivity and applicability 
of the transfer, we performed additional simulations with al-
ternative rainfall intensity distributions, including one derived 
from radar observations in the Elsenz Schwarzbach catchment 
during the summer flash flood of 2016 (Manoj et al. 2024) and 
another based on a synthetic triangular distribution with an as-
sumed storm duration of 2 h (Figure 3). In addition, to further 
test the validity of our model setup, we simulated a more recent 
flood event from April 2023 using high resolution radar based 
precipitation estimates of the actual event from the German 
Weather Service (DWD 2021).

3.2   |   Simulating Design Adequacy

In Germany, flood reservoirs are typically designed in accor-
dance with the DIN 19700 standard (LUBW  2007). Dams are 
classified into four categories based on their height and ca-
pacity: very small, small, medium, and large reservoirs. The 
design must account for a flood event with a return period 
of 50–10 000 years, depending on the category of the reser-
voir. The German Weather Services and the State Institute of 
Environment, Baden-Württemberg (LUBW) provide location 
specific standardised estimates for extreme precipitation sums 
corresponding to different return periods and storm durations 
(DWD 2023; Junghänel et al. 2017; LUBW 2023) which are then 
used for design purposes. We applied the validated model to five 
scenario-based simulations to explore flood responses across a 
range of return periods (Table 4) along the Elsenz–Schwarzbach, 
assuming a storm duration comparable to the 1994 event.

3.3   |   Exploring Nature Based Solutions (NbS)

Historically, vegetative features such as hedgerows were in-
tegral to agricultural landscapes, marking the boundaries of 

FIGURE 3    |    Normalised precipitation intensity timeseries considered in the study.
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9 of 25Hydrological Processes, 2026

individual landowners' plots. This network of vegetation pro-
vided significant benefits to the catchment's surface hydrol-
ogy (Rosier et al. 2024). By creating impediments to overland 
flow, hedgerows slowed down water movement and enhanced 
soil infiltration. However, due to a lack of previous scientific 
evidence (Rosier et al. 2023) supporting their effectiveness and 
to changes in land ownership patterns (most notably the shift 
from smaller to larger consolidated fields), these elements 
have largely disappeared from many agricultural regions in 
Europe. After the 1994 floods in the Elsenz Schwarzbach, 
the consequences of disappearing hedgerows (Figure  B3 in 
Appendix B) once again became a topic of discussion, as evi-
denced by historical newspaper archives (Henkel 1994) from 
that period. On the other hand, contemporary forest man-
agement practices often involve the use of heavy machin-
ery, which has seen an increase in wheel loads (Auerswald 
et  al.  2025) over the past century. This has resulted in in-
creased subsoil compaction (Brus and van den Akker  2018; 
Schneider and Don 2019), further diminishing the infiltration 
capacity of the soil.

To explore the potential influence of NbS on the 1994 flood 
response, we implemented a set of simplified, scenario-based 
modifications for different land use classes (Figure  2D and 
Table  3) within the catchment. The first scenario represents 
the introduction of hedgerow elements (Rosier et  al.  2024, 
2023) within agricultural areas (landuse class—crops; 
Table 3). The second scenario considers reduced soil compac-
tion in forested areas (landuse class—trees; Table 3), such as 
through the use of designated skid trails for heavy machinery 
(Auerswald et al. 2025).

For the hedgerow scenario, continuous stretches of cropland 
within the representative hillslope were identified, and a 
hedgerow element was placed approximately at the midpoint 
of each stretch, with a length corresponding to about 10% of 
the cropped area. The reduced-compaction scenario was ap-
plied uniformly across forested portions of the representative 
hillslopes.

While substantial research has been conducted to understand 
how these NbS influence key parameters in hydrological mod-
elling, uncertainties persist, as their effects are highly location-
specific. In this study, we utilise recommendations based on 
previous research (Guillaume et  al.  2025; Richet et  al.  2017) 
about the Manning-Strickler roughness (Kst), saturated hydrau-
lic conductivity (ksat) and saturated water content of soils (Ɵsat). 
This focus is primarily due to the study regions located in France 

(Richet et al. 2017) and Belgium (Guillaume et al. 2025), included 
agricultural loess soils similar to the Elsenz Schwarzbach in 
Germany. The parameter values for the new hedgerow landuse 
class were provided and modified for the tree landuse class as 
outlined in Table  5. These schematic implementations are in-
tended to provide an exploratory hydrologic assessment of how 
such measures may influence runoff generation and flood re-
sponse, rather than a site-specific or quantitatively validated 
evaluation of NbS performance in our region.

4   |   Results

4.1   |   Model Building and Testing

We simulated representative hillslopes using the CATFLOW 
hydrological model for all subbasins of the Elsenz Schwarzbach 
during the 1994 summer event and then used the 1D channel 
routing to estimate the flood at the outlet (Gauge A).

Figure  4 shows the overestimation of the observed flood 
dynamics by our initial modelled set-up. These overesti-
mations align with findings from other studies (Beven and 
Germann  1982; Bronstert et  al.  2023; Niehoff et  al.  2002; 
Weiler  2006), which reports that in soils with very low soil 
hydraulic conductivity (as in our case with the agricultural 
loess soils), when confronted with high intensity rainfall 
during convective storms, a large part of infiltration may pass 
through so-called soil macropores into deeper soil layers, thus 
not contributing to overland runoff.

To simulate the effect of macropore flow (Table 1) during the high 
intensity storm of 1994, we used the simplified macroporosity ap-
proach (Equation  2.5). This essentially replicates the increased 
infiltration due to macropore flow by relative scaling of the bulk 
hydraulic conductivity along the representative hillslope element. 
A scaling factor of 10 is chosen, consistent with findings from 
other studies in the regions (Manoj et al. 2024; Niehoff et al. 2002). 
We assume increased macropore flow along 90% of the hillslope 
catena. The hillslopes are again simulated, considering the mac-
ropore effect. As expected, the new flood simulated flood hydro-
graph with macropores is closer to the observed curve (with a 
Nash Sutcliffe Efficiency (Nash and Sutcliffe 1970) value of 0.58). 
The total flood volume (Table 6) aligns closely with the observed 
flood volume (relative error of −12%). We also observed that the 
dynamics of the flood are well captured. The model accurately 
captures the rise of the flood wave at around 20:00 CET and 04:00 
(+1 day) CET. While there are some overestimations and sharper 
recessions (possibly due to our choice of 1D hydraulic routing), the 
model captures the flood peak with a relative error of −24%. The 
subsequent return to normal flow levels is the same in both runs 
at around 12:00 CET (+1 day). It is interesting to see that the flood 
response still clearly reflects the temporal pattern of the rainfall 
event, even though the latter is an educated guess based on the 
observational record from the nearby Weiherbach catchment on 
the same day.

To look at the feasibility of the transfer of rainfall intensities 
(Figure  3), we conducted additional simulations (Figure  5) 
with alternative rainfall distributions, including one derived 
from a radar observed 2016 event in the Elsenz Schwarzbach 

TABLE 4    |    Design precipitation sums for different return period 
floods according to DWD (2023) and LUBW (2023).

Return period (years) Precipitation (mm)

100 55.73

200 61.5

500 69

1000 74.5

10 000 93
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10 of 25 Hydrological Processes, 2026

catchment and another based on a synthetic triangular distribu-
tion of assumed duration of 2 h.

The simulation using the 2016 rainfall intensities produced a 
broadly comparable storm hydrograph, albeit with timing errors, 
likely because the 2016 event peaked earlier than the 1994 storm. 
In contrast, the simulation based on the synthetic distribution re-
sulted in larger errors in both flood volume and peak discharge. 
Overall, the additional tests suggest that the transfer of intensities 
from nearby experimental catchments may provide a useful first 
approximation for investigating intensity-driven events in data-
scarce regions, especially for historical storms where radar-based 
estimates are unfortunately not available. They also reveal that 

TABLE 5    |    Summary of the main NbS measures considered in our work.

Implementation Parameter Changes

Hedgerows in the middle of the area 
designated as crops in the representative 
hillslope

Gauckler-Manning-
Strickler Coefficient (Kst)

Reduced by 50% compared to landuse- crops

Saturated hydraulic 
conductivity of the first 

40 cm of soil (ksat)

Increased by an order of 2 
compared to landuse- crops

Saturated water content of 
the first 40 cm of soil (Ɵsat)

Increased by 20% compared to landuse- crops

Practices aimed at minimising soil 
compaction for forest regions spanning the 
representative hillslope

Saturated hydraulic 
conductivity of the first 

40 cm of soil (ksat)

Increased by an order of 1 
compared to landuse-trees

Saturated water content of 
the first 40 cm of soil (Ɵsat)

Increased by 10% compared to landuse- trees

FIGURE 4    |    Modelled hydrographs (smoothed 1-hourly windows) compared to the observed outlet time series. The green curve represents simu-
lations with macropores, while the orange curve shows model run without considering any macropore flow.

TABLE 6    |    Flood event characteristics at the outlet gauging station 
near Eschelbronn (Gauge A).

Flood 
metrics

27.06.1994 28.04.2023

Flood 
volume 

(1000 m3)

Flood 
peak 

(m3/s)

Flood 
volume 

(1000 m3)

Flood 
peak 

(m3/s)

Observed 4683.74 136.97 1146.35 24.31

Simulated 5276.64 170.06 1232.75 38.75

Relative 
Error (%)

−12.6 −24.2 −0.1 −59.4
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11 of 25Hydrological Processes, 2026

such historical storms are not isolated occurrences; the storm in 
2016 had a broadly similar pattern (with earlier peaks) to the one 
in 1994 and led to a similar catchment response.

Sensitivity analyses (Figure  6) for alternative antecedent soil 
moisture initialisations instead of ERA5 Land, demonstrate a 
strong control of antecedent wetness on flood response. This 
effect is probably intensified by the activation of preferen-
tial flow pathways, which depend on soil moisture conditions 
(Equation 2.5) within the hillslopes.

To again validate the performance of our model on another event, 
we simulated a flood (with far less intensities compared to the 1994 
flood) event that occurred in April 2023. It is important to note that 

reservoirs introduce greater uncertainty into simulations of flood 
peaks in more recent periods, as they are now heavily regulated 
(Zweckverband Hochwasserschutz Elsenz-Schwarzbach  2016) 
and the present set-up does not account for reservoir operations 
at this stage. Our model run again showed low errors in the total 
flood volume (Table 6). However, the higher modelled flood peak 
led to greater relative errors in peak discharge.

4.2   |   Reconstruction of the 1994 Flood

The model set up is then utilised to investigate the flood-
ing within the Elsenz Schwazbach catchment during June 
1994. While this historical flood led to widespread damage 

FIGURE 5    |    Sensitivity of simulated flood response to the forcing intensities.

FIGURE 6    |    Sensitivity of simulated flood response to varying antecedent soil moisture conditions.

 10991085, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.70541, W

iley O
nline L

ibrary on [19/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



12 of 25 Hydrological Processes, 2026

(Figure B2) within the catchment, as recorded in grey literature 
(Henkel 1994; Vogt 2024), not much information is known about 
the relative storm volumes and peak values that hit the different 
population centres within the catchment.

The gauge near Neckarbischofsheim (Gauge B in Figure 1) re-
cords only flood-level markings, and because the observed level 
was higher than the established rating curve, it is not possible to 
derive the flood volume for this event from observations alone.

We compared the water level observations at Gauge B to the 
channel water levels modelled in our setup (Figure A3) at the 
nearest node. Figure  7A shows the simulated wave heights 
alongside the observed water levels. Although the model does 
not replicate the observed curve exactly, it satisfactorily cap-
tures the overall timing, magnitude, and recession behaviour. 
It is also important to consider the uncertainties in the obser-
vations, especially for such short-duration, high-impact events. 
While the observational records indicate that the peak occurred 
approximately 8 h after the flood began, experiences with rapid 
responses (up to 2–3 h) during such events in areas of this scale 
(catchment area up to Gauge B = 35 km2) question the accuracy 
of the measurements during the flood.

Due to the flood gauge level markings being well outside the 
calibrated range of the rating curve, the official discharge re-
cord at Neckarbischofsheim is incomplete for this event. We 
used the model to predict the flood hydrograph till this point 
and compared it to the incomplete discharge record at the gaug-
ing station (Figure 7B). The high discharge values (around 100 
m3/s) and the successive flood waves explain the widespread 
destruction experienced at the city of Neckarbischofsheim 
during the evening on 27 June 1994. While newspaper records 
(Henkel 1994) and archival footage (Vogt 2024) highlights the 
impacts (Figure B2) felt; it was previously not possible to quan-
tify the event's magnitude in hydrological terms.

The double peak nature of the flood hydrograph (Figure  7B) 
warrants a closer look at the smaller headwater catchments 
that drain to this city. We focused on two headwater subbasins 
(Figure A5 in Appendix A) that subsequently drain into the city 
of Neckarbischofsheim.

Subbasin 84 encompasses part of the city, which is situated at 
the foot of the basin. The impervious area in such downstream 
parts leads to low infiltration and, conversely, faster flow. This 
compounds the flood hazard for the city. As seen from the flood 
hydrograph (Figure 7C) for the subbasin, there is an abrupt rise 
in the rising limb, possibly due to the urban built up area down-
stream of the subbasin. The location of the agricultural plots 
upstream (Figure  A5) in subbasin 84 also leads to more sedi-
ment and debris flow to the city, as seen from archived footage 
(Figure B2) of the aftermath of the flood in Neckarbischofsheim.

Subbasin 123 is located (Figure A5) just upstream of the town of 
Obergimpern; the basin is predominantly agricultural in nature 
with large open fields. The large open fields without any hedge-
rows or rills again exacerbate the flooding by allowing more sed-
iment flow into the stream. The slower rising limb (Figure 7D), 
when compared to hillslope 84 (Figure  7C), suggests gradual 
overland flow generation with erosion, and also more mixing 

time for the suspended sediments in the channel. Analysing the 
individual responses reveals that the earlier and higher observed 
flood peak at Gauge B (Figure 7B) predominantly originates from 
the headstream regions (Subbasin 84), which drain directly into 
it. In contrast, the smaller second peak is associated with other 
catchments that flow into the city along the river network. The 
shorter travel duration between the two peaks indicates a scenario 
of temporal preconditioning and hazard cascading (Zscheischler 
et al. 2020), where the initial flood has already created a hazard-
ous situation that is then worsened by the subsequent flood, leav-
ing very little time for recovery or rehabilitation.

It is curious to note that the flood reservoir downstream (de-
signed for a 100 year flood) of subbasin 123 was again overtopped 
(Figure B4) in the summer flood series of 2016 (Reservoir W22 
in Manoj et  al.  2024), raising interesting questions about the 
adequacy of existing design measures in response to increasing 
flash floods in a warming climate.

4.3   |   Scenario Based Analysis of Flood Estimates

Using our model setup, we conducted scenario-based simulations 
for the entire Elsenz Schwarzbach catchment to explore flood 
responses associated with different return periods derived from 
standard design precipitation estimates (Table 4) provided by the 
German Weather Services (Junghänel et  al.  2017). The initial 
conditions and storm duration were assumed to be the same as 
those of the 1994 summer flood. The simulated flood responses 
were then compared to the official statistical T-year return period 
floods currently established for planning and design practices for 
flood protection in the German state of Baden-Württemberg.

The comparison between simulated and design floods (Table 7) 
reveals generally close agreement at Gauge A (catchment outlet) 
across most return periods, with deviations within ±15% except 
for the 10 000-year event, where the flood is notably underesti-
mated. In contrast, Gauge B shows substantial underestimation 
across all return periods, with errors exceeding 70%.

These results highlight a clear contrast: while design flood es-
timates at the larger outlet gauge are broadly consistent with 
the simulated T-year floods derived from extreme precipitation 
statistics, this correspondence is less evident at smaller gauging 
stations. This discrepancy may partly explain the overtopping of 
headwater reservoirs upstream of Neckarbischofsheim (Manoj 
et al. 2024) during the 2016 summer floods.

Overall, the findings suggest that current flood estimation ap-
proaches may be sensitive to intensity-driven events, particularly 
at smaller spatial scales. They also indicate that, while structural 
measures are often centralised and may be vulnerable under ex-
treme conditions, distributed, non-structural nature-based mea-
sures could play a complementary role in mitigating flood impacts.

4.4   |   Exploratory Analysis of Nature-Based 
Solutions

To explore the potential influence of NbS on flash flood re-
sponse, we conducted a scenario-based numerical experiment 
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using our model setup (see Table  5), incorporating hedgerows 
and forest management practices in subbasins 84 and 123. The 
baseline scenario (Figure B3), which does not include NbS, was 
compared to a scenario in which these measures were imple-
mented across the corresponding landuse classes within the rep-
resentative hillslope profiles.

The NbS scenario (Figure 8) indicates reductions in both flood 
volume and peak discharge in the two subbasins. In subba-
sin 84, the relative volume reduction was approximately 6.5%, 
while peak discharge decreased by about 19%. These results 
suggest that the implemented NbS primarily influence the tim-
ing and magnitude of runoff rather than fundamentally alter-
ing the dominant runoff generation mechanisms. In this sense, 
they appear to act as local attenuation features, reducing peak 
discharge before water is routed to the channel network. For 

subbasin 123, the relative volume reduction was 19.6%, with a 
peak discharge reduction of 29.3%. At the further downstream 
outlet (Neckarbischofsheim gauge), these changes correspond 
to a simulated reduction of approximately 16 m3/s (≈11%) in 
peak discharge and about 23 cm (≈6%) in peak water levels.

5   |   Discussion

5.1   |   Upscaling Vectorised Representation

Nearly 40 years after Dooge's seminal paper (Dooge 1986), which 
identified intermediate-scale catchments (up to 250 km2) as sys-
tems of organised complexity, challenges remain in modelling 
flash flood responses (Collier 2007) driven by Hortonian over-
land flow at these scales. These catchments are too organised to 

FIGURE 7    |    Comparison between simulated (orange) and observed (grey) water levels at the Neckarbischofsheim gauge (A); reconstructed flood 
hydrograph at Neckarbischofsheim (B); simulated flood hydrograph for hillslope 84 during the June 1994 event (C); and simulated flood hydrograph 
for hillslope 123 during the June 1994 event (D).

TABLE 7    |    Comparison of the simulated and standard design floods over the two gauging stations.

Return period (years)

Eschelbronn (Gauge A) Neckarbischofsheim (Gauge B)

Simulated Design flood Error (%) Simulated Design flood Error (%)

100 83.92 88.56 5.2 24.35 14.4 −69.1

200 96.73 99.2 2.5 27.98 16.4 −70.6

500 129.08 114 −13.2 35.22 19.2 −83.4

1000 141.8 125 −13.4 39.32 21.5 −82.9

10 000 239.81 166 −44.5 63.04 29.9 −110.8
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14 of 25 Hydrological Processes, 2026

be represented solely through statistical methods, yet too large 
and heterogeneous to be described in a deterministic manner. A 
key requirement (Zehe et al. 2014) at such scales is a better un-
derstanding and representation of how different forms of spatial 
organisation affect storage and release of water and energy. This 
is particularly important for threshold or emergent behaviour 
(Zehe and Sivapalan 2009) like onset of preferential flow (Beven 
and Germann 1982).

In this study, we test a coupled hydrological—hydraulic model 
at such an intermediate scale (196 km2) relying on a vectorised 
representation of sub-catchments as representative hillslopes 
that maintains the total flow potential of a subbasin and then 
coupled it to a 1D kinematic wave module for flood routing 
along the main catchment. While the theory of representative 
hillslopes has attracted increased attention (Fan et al. 2019) here 
we show that the approach can be coupled with standard flow 
routing methods for reliable rainfall-runoff simulations at the 
meso-catchment scale.

We revisited the devastating Kraichgau flood events in 
Germany during the summer of 1994 using our modelling 
framework. Consistent with observations from other studies 
(Bronstert et  al.  2023) investigating the role of preferential 
flow processes, we found an overestimation of event response 
when macropore flow was not represented. During intense 
convective storms, a substantial portion of incoming precip-
itation bypasses the soil matrix through such preferential 
flow paths. By incorporating macroporosity parameters from 
previous studies (Manoj et  al.  2024; Niehoff et  al.  2002) to 
account for these processes, we achieved a substantially im-
proved representation of the event dynamics. This suggests 
that parameter transfer is a feasible approach for representing 
coupled flow processes in hydrological models across regions 
with similar hydrological characteristics.

It is important to stress that our model setup does not perfectly 
replicate the observed flood hydrographs. While the recon-
structed event still shows an overestimation of approximately 
24%, this can be partly attributed to the lack of local observa-
tional data, which required the transfer of storm intensities 
from the nearby Weiherbach catchment, as well as uncertain-
ties introduced by the 1D routing approach, particularly for 
peak discharge. For the more recent event, the larger peak 

overestimation (≈59%) is likely influenced by the reduced actual 
flood discharge due to reservoir operations implemented after 
the 1994 event, which are not included in the current model 
setup. Importantly, the relatively small errors in total flood vol-
ume (≈1%–12%) demonstrate that the model captures the overall 
flood volume dynamics with reasonable consistency.

Our choice of the 1D kinematic wave routing to connect the vec-
torised representation for subbasins, based on energy gradients, 
does not imply that the processes at the channel scale are in any 
way less important for a comprehensive assessment of flood 
dynamics during such storms. Rather, this choice is motivated 
by the fact that a large number of well-tested hydraulic mod-
els (Fenton 2019) are available for channel routing. Often, the 
main limitation for achieving reliable predictions lies in the run-
off generation aspect (Brunner et  al.  2021), which determines 
how high-intensity rainfall during these events is translated into 
runoff. Our goal is to improve upon top-down approaches, such 
as the unit hydrograph and curve number methods, which have 
been found to be lacking in this context (Kirkby and Cerdà 2021).

5.2   |   Enhancing Current Design Approaches

Significant advances have been made in climate physics and 
meteorology, particularly in modelling intense storms that align 
with the increased emission scenarios of anthropogenic climate 
change (IPCC  2021). However, these advancements have not 
led to improved estimates of design flood hydrographs. This 
limitation is partly due to the lack of well-suited hydrological 
models and gaps in data records, especially at smaller headwater 
catchment scales, which are ironically the areas most affected 
by flash floods.

Also, the number of gauges in small headwater catchments has 
decreased in recent decades, and most gauges are now dispro-
portionately located in larger perennial rivers (Krabbenhoft 
et al. 2022). This drastically impacts our ability to understand 
what has happened and can happen at such crucial scales 
(Michelon et  al.  2021). The current official 100-year flood es-
timate at the Neckarbischofsheim gauge is 14.4 m3/s. The 1994 
summer flood, having exceeded the rating curve range, was 
not incorporated into the dataset used for long-term statistical 
analysis, which led to an underestimation of flood quantiles at 

FIGURE 8    |    Simulated effects of nature-based solutions (NbS) in subbasins 84 (A) and 123 (B).
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the gauge. In this regard, event reconstruction can serve as a 
valuable tool to supplement observational records of extreme 
events and improve flood estimates across all return periods. 
Using our trained model, we reconstructed the flood values at 
Neckarbischofsheim. The high successive discharge peaks are 
in line with the large scale destruction reported in the town 
(Figure B2 in Appendix B) during 27–28 June 1994.

The normalised peak runoff values, expressed as the ratio of flood 
peak discharge to total catchment area, show good consistency 
across scales. For the catchment area up to Neckarbischofsheim, 
the reconstructed peak discharge of approximately 94 m3/s 
over an area of 35 km2 yields a specific discharge (2.68 m3/s/
km2) comparable to that observed (Villinger et al. 2022) in the 
smaller, well-instrumented Weiherbach catchment (2.25 m3/s/
km2) for the same storm during summer of 1994, where a peak 
discharge of 7.9 m3/s was recorded over 3.5 km2.

We also looked at the headwater catchments contributing to 
the runoff at the town to understand the hazard cascade for the 
event. Our main finding was that the spatial arrangement of set-
tlements, located downstream of agricultural fields, makes them 
more vulnerable to the impacts of overland flow and debris flow 
from upstream areas. Considering such land-use patterns and 
their spatial organisation while planning new settlements in the 
region could help reduce the risk of similar events in the future.

We then compared simulations of floods with different T-year 
return periods to the currently recommended design standards 
and found that the underestimation errors were larger at smaller 
spatial scales. This is an important consideration to be made in 
the future design of small to medium flood reservoirs in the re-
gion. While the comparison was made to the regionalised statis-
tical model (LUBW 2025) that relies on observed annual peak 
flood data and other catchment predictors currently commis-
sioned in the federal state of Baden-Württemberg in Germany, 
similar models or statistical design floods exist for regions 
around the world.

While hydrologic non-stationarity (Milly et al. 2008) has been 
recognised for decades now, this hasn't yet translated into 
meaningful guidance for engineers and practitioners (Wasko 
et  al.  2021). The intensification of sub-daily precipitation ex-
tremes (IPCC 2021) is a significant challenge, as current design 
approaches primarily focus on the total volume of the storm 
rather than the intensity dependence of runoff, especially for 
small- to medium-sized reservoirs. The design floods for the 
reservoirs in the Elsenz Schwarzbach catchment relied on a hy-
drological model (Ihringer 1994) employing the unit hydrograph 
and an empirical estimate of the runoff coefficient. This partly 
explains why quite a few of the reservoirs got overtopped during 
the intensity driven 2016 summer flash floods (caused by a 25-
year rainfall), even though the reservoirs were designed for a 
100-year flood.

5.3   |   Revitalising Flood Protection

The headwater flood reservoirs in the Elsenz Schwarzbach, estab-
lished after the disastrous flooding episodes in 1993–1994 were 
overtopped (Figure B4) during the convective storm clustering 

of summer 2016. This again calls for a relook into traditional 
structural flood protection measures and their benefits com-
pared to decentralised flood protection. Although the combined 
area of subbasins 84 and 123 is only 6.73 km2, which accounts 
for approximately 19% of the total catchment area of 34.75 km2 
leading up to the gauging station at Neckarbischofsheim, the 
flood peaks during the 1994 flood, especially the larger initial 
flood wave, were significantly influenced by the rapid runoff re-
sponse in these two subbasins.

We conducted exploratory, scenario-based experiments in two 
headwater subbasins, implementing NbS within agricultural 
and forest land use classes by modifying key hydrological pa-
rameters in the hillslope model. The simulations indicate re-
ductions in flood peaks at both the subbasin scale and at the 
downstream gauging station.

Our decision to use representative hillslopes for the subbasins 
in our study area enables us to effectively map land use classes 
based on their positions relative to the topographic gradient 
driving overland flow. Archival images (Figures  B2 and B3) 
suggest considerable debris flow during the event, likely linked 
to the downstream location of population centres relative to ag-
ricultural fields and forests. The runoff responses observed in 
subbasins 84 and 123 highlight the importance of considering 
both the relative positions of land use types and their arrange-
ment within modelling units.

For better meso-scale flood management, it is crucial to avoid 
the superimposition of peaks arising from runoff generation 
at the different parts of the catchment. A rather homogeneous 
landuse distribution implies a strong connectivity in the 
overland flow. Measures such as hedgerows in agricultural 
fields reduce connectivity, providing localised impediments, 
slowing Hortonian runoff, and increasing local infiltrability. 
The related valuable delays in the time to peak help runoff 
from adjacent fields not to reach the flood channel simultane-
ously. This could lead to downstream benefits along the river 
network.

5.4   |   Limitations and Outlook

Modelling of hydrological systems has benefitted immensely 
from different complementary (and yet sometimes compet-
ing) modelling philosophies (Fatichi et  al.  2016; Hrachowitz 
and Clark  2017). Our approach to scaling predictions to 
intermediate-scale catchments, using approximations that aim 
to conserve energy gradients, reproduces Hortonian runoff gen-
eration during a historical flood while addressing data scarcity. 
This method proves to be a valuable virtual laboratory for in-
vestigating design flood adequacies and different mitigation sce-
narios at such scales. However, certain limitations of the study 
warrant closer examination.

Our choice of hydrological model (CATFLOW—Zehe et al. 2001) 
is motivated by prior experience applying the model in similar 
landscapes. In theory, the concept of representative hillslopes 
is appropriate for use with any spatially distributed, physi-
cally based model (PARFLOW—Maxwell  (2013), SERGHEI—
Caviedes-Voullième et  al.  (2023) or HydroGeoSphere—Jones 
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et al. (2006)) that can explicitly account for the gradients repre-
sented by the hillslope geometry.

Regarding the study area, the Elsenz Schwarzbach was cho-
sen as it provides an ideal testing ground for reconstructing a 
historical flood that had substantial socio-economic impacts, 
and because its population settlements are embedded within a 
mosaic of agricultural and forested land, which is well suited 
to evaluating the potential of NbS to mitigate flood-related 
damages. The locations of the catchment within the same 
hydro-pedological regime of an experimental catchment imply 
that we can opt for a transfer of soil hydraulic parameters and 
rely on literature values instead of calibration. It is important 
to note that these parameters could also be derived using soil 
pedotransfer functions based on openly available textural data. 
However, in this case, more events may be required for calibra-
tion. The macroporosity parameters, namely the scaling factor 
for saturated hydraulic conductivity and the extent of preferen-
tial flow dynamics in the representative hillslope element, were 
informed by our prior experience (Manoj et al. 2024) in simu-
lating flood responses in agricultural loess soil catchments in 
the Kraichgau region. As demonstrated, these parameters are 
highly sensitive; therefore, direct transfer to other regions may 
not always be feasible, but can be guided by literature values 
and insights from studies in hydrologically similar settings. 
Due to the lack of high-resolution rainfall intensity data, we 
also transferred the rainfall hyetograph from the experimental 
Weiherbach catchment and applied this intensity distribution 
uniformly across all subbasins. This represents a strong as-
sumption, as Hortonian overland flow is primarily controlled 
by rainfall intensity. Nevertheless, the model reproduces the 
main storm dynamics reasonably well compared to simulations 
using recent storms and synthetic distributions, suggesting 
that such a transfer may provide a useful first approximation 
for investigating intensity-driven events in data-scarce regions, 
especially for historical storms where radar-based estimates are 
unfortunately not available.

Concerning the experimental design, although the 1D kinematic 
wave for the hydraulic routing provides a simple yet computa-
tionally efficient framework that is adequate for reproducing 
the overall flow characteristics of the flood wave at the meso-
catchment scale, this choice implies some important processes 
may not be sufficiently represented in our setup. During such 
intense events, overbank flow may occur, and water spreads 
onto the wide floodplains parallel to the channel. When the 
water leaves the main channel, there would be temporary stor-
age on the floodplain and delayed return flow. These dynamics 
cannot be accurately captured by one-dimensional kinematic 
wave routing. This limitation may explain the more abrupt rise 
of the flood wave and the earlier recession seen in Figures 3 and 
5a compared to observations. Leveraging advanced 2D flow 
routing solvers and linking them to the output hydrographs 
from the hillslope models could alleviate such shortcomings. 
This will also enhance the estimation of inundation maps for 
flood management planning scenarios, thereby bridging the gap 
between research and practice. The exploratory NbS analysis 
draws on parameter values from previous field studies on loess 
soils. However, additional factors such as hedgerow type, stem 
density, and growth stage may also affect the results. While the 
initial findings indicate a possible reduction in flood response, 

they should be regarded as a first step toward more detailed field 
and modelling studies on the effectiveness of NbS in the region's 
agricultural and forested landscapes.

6   |   Conclusions

In this study, a mesoscale catchment model was applied to sim-
ulate rainfall–runoff response during a historical flash flood 
in southwest Germany. To preserve the local driving gradi-
ents of flow, we employed a simplification based on represen-
tative hillslopes derived from topographic information within 
each subbasin, which were subsequently coupled through hy-
draulic routing to simulate flood wave propagation across the 
catchment.

Results from the Elsenz Schwarzbach catchment suggest that 
this approach provides a feasible framework for analysing flash 
flood dynamics under the conditions considered. The gradient-
based representation enables the inclusion of hydrologically 
relevant processes, such as preferential flow, while maintaining 
computational efficiency at the mesoscale, thereby offering a 
practical compromise between fully distributed and simplified 
conceptual modelling approaches.

The reconstructed event indicates that existing flood estimates 
at smaller spatial scales may be sensitive to the exclusion of 
extreme events, although this finding should be interpreted in 
light of the underlying assumptions. The exploratory nature-
based solution (NbS) scenarios further suggest that localised, 
non-structural measures, such as hedgerows, may influence 
runoff generation and contribute to peak reduction under the 
simulated conditions. Overall, this study advances flash flood 
modelling at the mesoscale and provides a basis for further in-
vestigation under data-scarce conditions.

Acknowledgements

This research contributes to the ViTamins project (Invigorating 
Hydrological Science and Teaching: merging key Legacies with new 
Concepts and Paradigms), funded by the Volkswagen Foundation. The 
authors would like to thank Dominik Elfgang and the Landesanstalt 
für Umwelt Baden-Württemberg for sharing observational data from 
Eschelbronn and Neckarbischofsheim. The authors would also like to 
acknowledge Hans-Joachim Vogt, Neckarbischofsheim for sharing the 
archival flood footage shown in Appendix  B. Ashish Manoj J would 
like to thank Mirko Mälicke and Alexander Dolich for helpful discus-
sions regarding the pre-processing workflow. We also gratefully ac-
knowledge the Open Access Publishing Fund of the Karlsruhe Institute 
of Technology (KIT). In preparing this work, the authors utilized 
Grammarly and ChatGPT solely to enhance their writing. After employ-
ing these tools, the authors carefully reviewed and edited the content as 
needed and accept full responsibility for the published article’s content. 
Open Access funding enabled and organized by Projekt DEAL.

Funding

This work was supported by Volkswagen Foundation through the 
ViTamins project (Grant No. 9B 192/-1).

Conflicts of Interest

The authors declare no conflicts of interest.

 10991085, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.70541, W

iley O
nline L

ibrary on [19/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



17 of 25Hydrological Processes, 2026

Data Availability Statement

The model setup, code, and all simulation results from the experiments 
reported in this study are archived at Manoj (2025). The GIS preprocess-
ing workflow used in this study is based on https://​github.​com/​VForW​
aTer/​tool_​white​boxgis and archived at Manoj et al. (2025). The terrain 
and other input preprocessing for the CATFLOW model are based on 
https://​github.​com/​VForW​aTer/​tool_​catflow and archived at Manoj 
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Appendix A

Elsenz Schwarzbach Catchment

FIGURE A2    |    Subbasins of the Elsenz Schwarzbach.

FIGURE A3    |    Stream network used for routing within the catch-
ment, along with the location of the outlets at which each representative 
hillslope is connected.FIGURE A1    |    Catchments Weiherbach and Elsenz Schwarzbach.
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FIGURE A4    |    Sentinel satellite image of the Elsenz–Schwarzbach catchment, highlighting spatial patterns of land cover.

FIGURE A5    |    Headwater subbasins 84 and 123, which drain to the city of Neckarbischofsheim.
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FIGURE A6    |    Locations within the Elsenz–Schwarzbach catchment: (A) Eschelbronn near the outlet gauging station, (B) Aglasterhausen in the 
headwater region, and (C) a flood regulating structure at Waibstadt. (Field visit on 02 August 2025).
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Appendix B

Flood Events in the Elsenz Schwarzbach

FIGURE B1    |    Daily accumulated precipitation (06:00 UTC to 06:00 
UTC the following day) from the HYRAS gridded product of the German 
Weather Service (DWD) for 27 June 1994 over Germany. The inset high-
lights the convective storm centre in the Elsenz–Schwarzbach catchment.

FIGURE B2    |    Aftermath of 27 June 1994 flash floods over the Elsenz Schwarzbach (Image credit: Archiv Neckarbischofsheim).
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FIGURE B3    |    Flood evolution (27.06.1994) over agricultural land-
scapes in the Elsenz–Schwarzbach catchment. Archival flood foot-
age (Vogt  2024) highlights extensive open fields and the absence 
of vegetative barriers in the affected area (Image credit: Archiv 
Neckarbischofsheim).

FIGURE B4    |    Impact of flash floods on 08.06.2016 over Elsenz 
Schwarzbach (Image credit: Zweckverband Hochwasserschutz 
Elsenz-Schwarzbach).
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Appendix C

Model Preprocessing

In this study, we utilise Docker containers (Boettiger 2015) to prepro-
cess terrain data for the CATFLOW hydrological model (Figure  C1). 
Docker is a containerization technology that packages software along 
with everything needed to run it—code, libraries, and system tools. 
This approach ensures consistent behaviour across different computers 
and users, representing a significant step toward computational repro-
ducibility (Mälicke 2024; Nature Editors 2012).

We first employed containerized tool tool_whiteboxgis (Manoj 
et  al.  2025) for the GIS preprocessing of the Digital Elevation Model 
(DEM) data. This tool wraps the open-source platform WhiteboxTools 
(Lindsay  2014) for geospatial analysis. The tool_whiteboxgis prepares 
standard raster files, such as aspect, elevation, and distance, which can 
then be used directly to derive the required terrain files for the hydro-
logical model CATFLOW.

These raster files are then used as inputs for tool_catflow (Manoj and 
Dolich  2025). To derive the hillslope profiles for each sub-catchment 
in the study area, we run tool_catflow in parallel to ensure fast, effi-
cient processing. Each sub-catchment is processed in its own container, 
thus providing modularity (Boettiger 2015) in both programming and 
hydrological sense. The relevant code and software are finally archived 
in Zenodo (Manoj et al. 2025; Manoj and Dolich 2025) for reusability.

FIGURE C1    |    Brief overview of the preprocessing workflow.

 10991085, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.70541, W

iley O
nline L

ibrary on [19/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	Flood Risk Management Using Representative Hillslopes: Insights From a Historical Flood in Southwest Germany
	ABSTRACT
	1   |   Introduction
	2   |   Venue and Modelling Philosophy
	2.1   |   Study Area
	2.2   |   Representative Hillslopes
	2.3   |   Modelling Approach
	2.3.1   |   Hydrological Model
	2.3.2   |   River Routing Model


	3   |   Methodology
	3.1   |   Setting Up the Model
	3.1.1   |   System Geometry
	3.1.2   |   Soil and Landuse Mapping
	3.1.3   |   Initial and Boundary Conditions

	3.2   |   Simulating Design Adequacy
	3.3   |   Exploring Nature Based Solutions (NbS)

	4   |   Results
	4.1   |   Model Building and Testing
	4.2   |   Reconstruction of the 1994 Flood
	4.3   |   Scenario Based Analysis of Flood Estimates
	4.4   |   Exploratory Analysis of Nature-Based Solutions

	5   |   Discussion
	5.1   |   Upscaling Vectorised Representation
	5.2   |   Enhancing Current Design Approaches
	5.3   |   Revitalising Flood Protection
	5.4   |   Limitations and Outlook

	6   |   Conclusions
	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References
	 Appendix A
	Elsenz Schwarzbach Catchment

	 Appendix B
	Flood Events in the Elsenz Schwarzbach

	 Appendix C
	Model Preprocessing



