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Abstract. Pluvial (flash) floods frequently cause damage in
rural and urban watersheds as a result of short-term, in-
tense local precipitation events that cause infiltration excess
runoff and overland flow. Unlike fluvial floods, pluvial floods
are primarily characterized by surface runoff and flow in
small ditches and creeks, making them unsuitable for eval-
uation using common extreme value statistics based on long-
term river discharge data. Precipitation statistics alone are in-
sufficient for predicting pluvial floods because these floods
are also influenced by hydrological and hydrodynamic pro-
cesses. We propose a new regional-scale pluvial flood in-
dex (PFI) that considers precipitation as well as hydrological
and hydrodynamic processes to assess the hazard of surface
flooding. The PFI is based on local pluvial flood hazard areas
(PFHA), which are defined as areas where water depth, flow
velocity, or both exceed thresholds that endanger pedestrians
and vehicles. We defined four PFI classes based on historical
and design events, ranging from no hazard to very large flood
hazard. The PFI serves as a simple, dimensionless measure
and information tool to support regional to local scale pluvial
flood management.

PFHA and PFI were calculated for various events using
radar-based precipitation input, dynamic simulations of in-
filtration and saturation excess, and hydrodynamic simula-
tions of surface runoff. PFI forecasting requires quantitative
precipitation data as well as appropriate processed-based dis-
tributed hydrodynamic and hydrological models at large tem-
poral and spatial scales. We demonstrate the PFI’s applica-
bility and utility by creating large-scale flash flood hazard
maps and hindcasting an extreme historical event. Further-
more, the PFI can link to detailed local flash flood hazard
information, assisting municipal decision-making. It can also

be a key component in operational pluvial flood warning sys-
tems, providing information on the occurrence and severity
of floods on a scale of several hectares to square kilometres.
This educates stakeholders and the community, improving
real-time warning systems, preparedness, and planning de-
cisions.

1 Introduction

Pluvial floods are flash floods with inundation typically aris-
ing from localized, severe convective precipitation events.
They are characterized by short formation durations, at-
tributable not only to the rapid growth and movement of con-
vective thunderstorm cells but also to the underlying runoff
generation mechanisms. Pluvial floods predominantly arise
from unrestrained surface runoff caused by infiltration ex-
cess (Beven, 2004), occurring with fast moving water typi-
cally away from rivers and watercourses (Archer and Fowler,
2018), even under dry preconditions. The rapid formation
time and typically limited spatial extent of these events (gen-
erally only a few square kilometres) complicate prediction
and real-time forecasting and result in a minimal lead time
for such occurrences (Borga et al., 2011).

Due to climate change and the resultant rise in tempera-
ture, an intensification of the hydrological cycle (Hunting-
ton, 2006; Kunstmann et al., 2023) is anticipated, leading
to a probable increase in heavy rainfall events (BBK, 2015)
and a corresponding increase in pluvial flood occurrence and
magnitude (Wasko et al., 2021). The escalating threat of plu-
vial floods, exacerbated by ongoing urbanization and surface
sealing, alongside with insufficient awareness and protective
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measures, suggests a significant vulnerability to damage in
numerous locations, which is likely to persist in the foresee-
able future. Heavy rainfall currently constitutes around 50 %
of all flood-related damages in Germany (BBK, 2015). A
similar picture was derived for England, with 3 million prop-
erties susceptible to pluvial flooding — compared to 2.7 mil-
lion properties at risk of fluvial or coastal flooding (Environ-
ment Agency, 2018).

In addition to increasing awareness and formulating pro-
tective measures, the comprehensive categorization of plu-
vial flood hazards and the improvement of pluvial flood fore-
casting and alerts are essential components that enhance plu-
vial flood management and mitigate their detrimental effects
(Haag et al., 2022a). Therefore, we propose the new Plu-
vial Flood Index PFI as a versatile tool to reach these goals.
PFI encompasses information beyond mere heavy rainfall
data, as the occurrence of a flash flood from heavy rainfall is
contingent upon the interplay of hydrological and hydraulic
static features and dynamic processes. Unlike current fluvial
flood classifications or hazard indices that primarily pertain
to river flow and subsequent overbank flooding (Kazakis et
al., 2015; Kabenge et al., 2017; Vojtek, 2023), the PFI is de-
signed exclusively for pluvial events, aiming to address the
hazard arising from uncontrolled surface runoff at a regional
scale. The PFI is characterized as a hazard index that does not
account for vulnerability or damage potential, hence offering
no independent assessment of flood risk. On one hand, the
PFI is designed to assess and compare the susceptibility of
various regions to pluvial floods. On the other hand, it is also
intended as an operational index to alert the public in real-
time on the potential occurrence of pluvial floods in order to
facilitate appropriate measures within communities. While
this is currently often still hampered by the computational
needs of the real time flow accumulation, the rapid develop-
ment in either GPU based hydrodynamic models (e.g. Apel
et al., 2022), KI-based applications (e.g. ANN; Berkhahn et
al., 2019) or simplified hydrodynamic approaches (e.g. Leis-
tert et al., 2026) will soon make this operational. Conse-
quently, the PFI must satisfy the following criteria (Krumm
et al., 2024):

— The PFI should allow broad applicability and thus be
founded on readily available data. The intended prac-
tical real-time application necessitates that the PFI can
be ascertained rapidly while maintaining adequate pre-
cision.

— For optimal application of the PFI, the index must not
be an abstract figure; it should instead be grounded in
a measure that is straightforward, comprehensible, and
tangible, establishing a direct and significant correla-
tion to the hazards associated with uncontrolled surface
runoff.

— As a tool for operational public warning, the PFI must
be readily comprehensible and distinctly conveyable.
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In order to derive meaningful flooding estimates it is ab-
solutely central to the PFI concept that all hydrological and
hydraulic factors and processes, in addition to precipitation,
that contribute to the occurrence of local flash floods result-
ing from heavy rainfall events have been considered in the
process of generating the baseline data. Recently, several ap-
proaches have been published that appear to be similar to the
proposed PFI hazard maps. An example is the nationwide
pluvial flood map for Germany (Wimmer and Hovenbitzer,
2025) that display the maximum inundation depth based on
a detailed hydrodynamic model for a 100-year return period
and an extreme event using a high resolution DGM (1 m) and
land cover data. However, it completely ignores the hydro-
logical processes by assuming a constant runoff coefficient
of 100 % regardless of soil, land cover and land use or initial
conditions, hence leading to substantially enhanced flooding.
Also for Switzerland a nationwide pluvial hazard map exists
(Kipfer et al., 2018). From a hydrological perspective, it is
more sophisticated because it takes into account certain rele-
vant hydrological processes as well as an appropriate hydro-
dynamic model. To disentangle pluvial from fluvial flooding,
they assume that the simulated surface runoff “disappears”
into the first water body (blue line of rivers and lakes), hence
making their results dependent on the definition of a water
body

We will first describe in detail the relevant processes that
need to be considered when evaluating pluvial flood hazards.
The definition and designation of Pluvial Flood Hazard Ar-
eas (PFHA), which form the core of the PFI, will then be ex-
plained followed by a list of requirements for the hydrologi-
cal and hydrodynamic models necessary to derive the PFHA
and PFI. In the result section, we will first show the potential
of the new approach with a hindcast the flash flood of 2024
in the Wieslauf catchment, Germany and then illustrating the
potential of the PFI for creating a PFI or flash flood hazard
map.

2 Relevant processes controlling the generation of
pluvial floods

Although the paper focus on a novel approach to identify
PFHA and subsequent PFI classification, it is essential that
the relevant processes controlling the generation of pluvial
floods have been considered in the process of preparing the
baseline data for the PFHA analysis. Not every heavy rainfall
event leads to a pluvial flash flood. In fact, the occurrence of a
pluvial flood is contingent not only on the precipitation itself
but also on several spatially and temporally variable factors
and processes at the land surface (e.g., Tarboton, 2003; Stein-
brich et al., 2016; Ries et al., 2020). To derive a meaningful
and robust PFI, it is imperative to incorporate, in addition
to a quantitative precipitation input, all these hydrological
and hydrodynamic (hydraulic) influences and processes as
depicted in Fig. 1.
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Figure 1. Factors and processes specific to the generation of overland flow and resulting surface runoft due to (a) hydrological processes and

(b) hydrodynamic processes.

First, it is essential to determine the amount and intensity
of overland flow generated by infiltration excess or satura-
tion excess. The second phase occurs only when the infil-
tration or saturation surplus spills over the surface and ac-
cumulates to cause significant surface runoff. On imperme-
able surfaces, surface runoff can occur following minimal
initial losses. Consequently, the ratio of impervious surfaces
is a significant, spatially highly variable but temporally static
factor, in the generation of surface runoff. In instances of
pluvial flash floods, originating outside of settlements, the
extent of impermeable surfaces is typically small, making
surface runoff from permeable areas very important. In this
case, the infiltration characteristics of the soils, along with
the initial soil moisture, are crucial factors. Unlike extensive
fluvial floods, the generation of overland flow during local-
ized pluvial floods is frequently more influenced by infil-
tration excess and the consequent Hortonian overland flow
than by saturation excess form saturated areas (Steinbrich
et al., 2016; Stewart et al., 2019). Infiltration excess occurs
when the rainfall intensity surpasses the infiltration rate. Soil
type and structure as well as the initial soil moisture strongly
influence the infiltration rate (e.g. Rawls et al., 1992; Jury
and Horton, 2004). Land use and vegetation can also greatly
affect infiltration, through varying macroporosity (Bachmair
et al., 2009; Zhang et al., 2019; Ries et al., 2020) and varying
susceptibility to siltation (Bonta and Shipitalo, 2013; Seibert
and Auerswald, 2020). Soil type and land use are relatively
stable temporal characteristics. However, vegetation cover
fluctuates seasonally, in particular on agricultural land, and
thereby influences infiltration capacity via root penetration,
soil macropores and siltation in a seasonal manner (Seibert
and Auerswald, 2020). Moreover, the initial soil moisture
prior to an event exerts a dynamic influence on the actual
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infiltration capacity and possible infiltration excess (Fig. 1).
Considering the rather short durations of the high-intensive
convective rain events usually triggering the type of pluvial
flood events in focus of our study, it is worth to mention that
interflow generally plays a minor role. This finding is based
on a large series of sprinkling experiments considering dif-
ferent rain-fall durations and intensities, soil types and soil
moisture conditions as well as various land use and land man-
agement situations (Ries et al., 2020).

Once overland flow has been generated, the terrain is
crucial for the accumulation of unrestrained surface runoff
and the formation of a pluvial flash flood. Attributes such
as slope gradients and relief along with natural or artifi-
cial drainage structures determine the direction and activa-
tion of surface runoff routes (Fiener et al., 2011). Surface
roughness strongly influences the hydrodynamic process of
flow accumulation. Therefore, different spatially and tempo-
rally variable surface characteristics, that typically influence
surface roughness, have to be taken into account (Fiener et
al., 2011; Seibert and Auerswald, 2020). This is particularly
important for surface runoff, where roughness coefficients
are also influenced by flow depth and small micro flow paths
(Oberle et al., 2021). Frequently, erosion and sedimentation
by surface runoff goes hand in hand with larger pluvial flood
events (Fig. 1), in particular on low-permeable surfaces and
areas with low vegetation cover (agricultural, burned areas
and badlands) (Lange et al., 2003; Garcia-Ruiz et al., 2008).
Both geomorphological processes may alter the flow path-
ways, trigger surface retention and significantly alter the im-
pact of surface runoff on infrastructure and buildings, but are
typically not even considered in most hydrodynamic flood
models (Hamidifar et al., 2024).
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2676

3 Defining the pluvial flood index (PFI)

The PFI is designed as a user-oriented warning index target-
ing on the meso- to macroscale application spanning from
municipally to the federal state level. Hence it is important
that the PFI on the one hand aggregates the information, so
it can be applied seamlessly for the different scales. On the
other hand, it has to be established on the local scale in or-
der to include the relevant processes and the correct location
of potential pluvial flood hazard areas (PFHA, see Sect. 3.1
below), which are relevant for local flood management ac-
tivities. In the following we will detail the definition of the
PFHA and their subsequent categorisation into the PFL.

3.1 Pluvial Flood Hazard Areas (PFHA)

The PFI refers to the area-wide hazard source of unrestrained
surface runoff. This hazard can best be quantified by the ex-
tent of the areas where there is a thread from surface runoff
and flooding. In our case a hazard is defined as either pedes-
trian no longer being able to safely cross a flooded area or the
inability of vehicles to safely navigate. The floating of vehi-
cles naturally poses a significant hazard to people, namely
the vehicles occupants and pedestrians, who may be affected
by the drifting vehicles. The areas where such a hazard to
pedestrians or vehicles exists are hereinafter referred to as
Pluvial Flood Hazard Areas (PFHA).

The criteria for defining the PFHA can be obtained from
current research on the stability of pedestrians and vehi-
cles (e.g. Shand et al., 2011 or Xia et al., 2011) at specific
flow velocities and water depths as summarized in Martinez-
Gomariz et al. (2016, 2018). Figure 2 presents the respective
summary evaluations on the stability of pedestrians (a) and
vehicles (b). This leads to the conclusion that a hazard for
pedestrians is fundamentally characterized by the product of
flow velocity (v) and water depths (z), represented as a spe-
cific surface runoff (¢ = v* 7). Motivated by these studies we
defined a general stability threshold with respect to specific
surface runoff of 0.2 m?s~! for given cross-sectional wide of
I m.

At elevated flow velocities, the flooding depths becomes
insignificant; thus, a hazard exists even at low water depth
purely owing to the flow velocity. For vehicles, a hazard is
encountered only with a greater specific discharge than for
pedestrians. Nevertheless, lightweight compact vehicles can
already remain buoyant at relatively shallow water depths,
irrespective of the flow velocity. To provide a conservative,
or safe, delineation of the PFHA, which covers the poten-
tial risk to elderly individuals or lightweight compact vehi-
cles, a comprehensive envelope of all three hazard factors
was employed. The threshold for pedestrian hazard based
purely on flow velocity, irrespective of water depth, was set
to 1.5ms™ !, as also recommended by practitioners, which is
considerably more stringent than the guidelines proposed by
Martinez-Gomariz et al. (2016). The region characterized by
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elevated flow velocities, termed the “high hazard zone” for
pedestrians by Martinez-Gomariz et al. (2016) (refer to the
yellow box in Fig. 2a), is deemed hazardous irrespective of
the water level. The threshold for water depth to ensure no
hazard for persons in cars was set to 0.3 m.

The criteria for delineating the pluvial flood hazard area
(PFHA) are satisfied when the following conditions occur:

2
PFHA = {v > 1.59} Ufz>0.3m} U {q zo.zm—} 1)
S S

Hence, PFHA are areas where pedestrians (mainly due to el-
evated flow velocities) or vehicles (mainly due to high water
levels) are at risk as water depth, flow velocity or the combi-
nation of both exceed the defined thresholds.

We purposely did not include the stability of houses or
other infrastructure in the PFHA criteria, knowing that dam-
age to houses and infrastructure often are the major source of
flood related costs. However, the damage to houses and in-
frastructures not only depends on the physical exposure that
can be estimated form the output of the data of 2d-hydraulic
models, but additionally the general structure and design of
the individual buildings as well as their interior have a major
effect. This data is usually not available on the larger scale.
On a case study basis, however, the defined thresholds for
water depth and flow velocity seem to match rather well with
thresholds used to determine the damage of pluvial floods to
private houses (e.g. Singh et al., 2026) or commercial build-
ings (e.g. Guntu et al., 2026).

3.2 Pluvial Flood Index (PFI)

Pluvial floods are rare, typically local events, complicating
the establishment of dependable, site-specific return intervals
as established for fluvial floods. Moreover, unrestrained sur-
face runoff or the resultant PFHA is not a viable operational
measurement. Hence, long-term time series of the extend of
PFHA or other pluvial flood metrics are not existing. Conse-
quently, return periods of pluvial floods must be determined
using model calculations, leading to significant uncertainty
of the return period. Moreover, the application of return peri-
ods (e.g., Grisa, 2013) and its communication with the public
may lead to misunderstandings. Finally, no protective frame-
work for pluvial floods exists, in contrast to fluvial floods,
which are usually associated with a specified return period to
ensure specific protection measures (e.g. protection against a
flood with a return period of 100 years: HQ100).

To capture the hazards of a flash flood, the absolute ex-
tent of the local PFHA within a certain region is therefore
more crucial than the occurrence probability of an event. Ab-
solute thresholds also provide comparability among different
regions (e.g., with the assumption of identical precipitation
and initial soil moisture conditions) and allow to map the
pluvial flood hazard om a regional scale. The pluvial flood
index (PFI) is fundamentally based on the relative area frac-
tion of the pluvial flood hazard area (PFHA) to a reference
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Figure 2. Experimentally derived criteria (water depth z and surface runoff velocity v) for pedestrians (a) and vehicles (b) modified after
Martinez-Gomariz et al. (2016) (a) and Martinez-Gomariz (2018) (b). The figure is supplemented by the selected criteria for delineating
pluvial flood hazard areas (purple thick line) and the conditions of PFHA (yellow transparent area). The citations for the two studies in
panel (b) are provided in the reference list under Xia et al. (2011) and for AR&R (2011) please see Shand et al. (2011).

area. The PFI thus represents the relative fraction of the total
area where there is a hazard to pedestrians or vehicles due to
uncontrolled surface runoff and flooding. Thus, the PFI has
a comprehensible, clearly interpretable basis scalable to the
regional scale, but still has a tangible reference to the main
hazard source of flash floods.

In addition to defining the PFHA, the reference area must
be determined for which the fraction of the PFHA is calcu-
lated. As reference areas (or denominator), catchment areas
(e.g., basic catchment areas), uniform grids, or buffered re-
gions (e.g. circles) are fundamentally suitable (Fig. 3). Ad-
ditionally, it would be conceivable to determine the PFI only
for vulnerable areas of a catchment, for example, only the
PFHA fraction in settlements, roads or densely built-up ar-
eas.

The PFHA fraction and hence the PFI clearly depends on
the size or structure of the reference areas. Natural catch-
ment areas, and especially intermediate catchment areas, are
very heterogeneous in terms of their size distribution. In ad-
dition, radar products of precipitation, which can be used as
input for simulating PFHA and PFI, are usually available as
raster data and would need to be regionalized again for the
catchment areas when using catchment areas as reference
surfaces. Using uniform grids as the reference area for deter-
mining the PFI could be an option, but the gridding extend
and boundaries among the grids may have strong effects on
the PFI. Therefore, we propose instead of using a uniform,
regular grid (as typically done for determining heavy rainfall
from radar data), to use a moving circular buffer (uniform or
weighted by the radius of the circular buffer to focus more
on the areas closer to the centre) with the recommended area
to visualize the PFI in space.

The larger the reference areas are, the more the local max-
ima of the PFHA fraction are dampened and the more the dif-
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ferences among neighbouring areas are blurred. The damp-
ening effect, however, is substantially reduced in the case of
using weighted moving circular buffer. In addition, for the
determination of the PFI, depending on the approach, it may
be necessary to assume a comparable amount and intensity
of precipitation for the area to be evaluated. In the case of
local heavy rainfall, this area should generally not be larger
than approximately 5-10 km? (Lengfeld et al., 2019). On the
other hand, disproportionately small reference areas lead to
local peculiarities being overemphasized and uncertainties in
determining the PFHA resulting in significant uncertainties
in the reference area-specific PFIL. Furthermore, also the spa-
tial scale and uncertainties of the input data for the hydro-
logical and hydraulic simulations (e.g. radar based precip-
itation estimates, see section below) as well as the resolu-
tion of (large scale) hydrological models have to be taken
into account when defining the spatial reference area. Even-
tually, the PFI is intended for a broad assessment of flash
flood hazard, for example at the state level, where regional
rather than local differences are to be captured. Against the
outlined background, we recommend an area of 2 to 4 km?
as the reference area. For generating our results presented in
Sect. 4 we used a weighted moving circular buffer with an
area of 2km?. Here we also briefly discuss the impact of dif-
ferent radii on the PFI results.

In theory, the PFHA fraction can range between 0 and 1
(or between 0 % and 100 %). The PFI is intended to serve as
a dimensionless index, primarily for simple and clear com-
munication with the general public. For the information and
communication with specialized users, an index is, however,
typically only partially suitable.

Absolute thresholds are favoured in the context of the PFI
for the reasons already stated. These are uniformly estab-
lished across regions, ensuring comparability among them.

Nat. Hazards Earth Syst. Sci., 26, 2673-2689, 2026
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c) Weighted moving circular buffer

—

Figure 3. Comparison of the three potential approaches to derive the PFHA fraction from the PFHA for a defined reference area with
(a) shows the example of applying a uniform, regular grid, (b) a uniform moving circular buffer and (c) a weighted (radial linear) moving
circular buffer with the resulting map of PFHA fraction with lower brightness indicating higher fractions.

In accordance with various stakeholders form the govern-
ment and flood forecasting services in Germany, the PFI was
categorized into four classes according to three thresholds
(Table 1). This quantity of classes communicates more than
a just binary information (flash flood hazard: yes/no). Con-
versely, the quantity of classes stays reasonable, allowing
for the assignment of a descriptive significance to each class
and facilitating unambiguous differentiation among them. A
considerably greater number of classes may indicate a clas-
sification accuracy that does not align with the actual pre-
cision attainable on a broad scale by the PFHA. There are
no clearly objective criteria for establishing the thresholds
for PFI classification. Nevertheless, the thresholds of PFHA
fractions were determined on the basis of a small number of
recent flood events with some damage information available
(mostly meta-information) as accurately as possible in order
to capture relevant hazard situations. The general idea behind
the classification is that the larger the flood hazard of a certain
event was, the larger also the PFI for the event should be, al-
though substantial damage can also already occur in regions
classified with PFI equals 1. A first evaluation with historical
pluvial flood events (Krumm et al., 2025) shows considerable
skill in reflecting the magnitude of flood hazard by the PFL
However, the thresholds may need to be adopted if more doc-
umented information on flood hazards of pluvial flood events
might become available in the future or when applied to dif-
ferent regions and countries. Hence, the proposed levels only

Nat. Hazards Earth Syst. Sci., 26, 2673-2689, 2026

Table 1. Classification of the PFI into different absolute hazard lev-
els.

PFHA PFI  Description Color
fraction (%) code
<0.5 0 No hazard #54c21f
0.5-2.0 1 Medium hazard #FFECO1
2.0-5.0 2 Considerable to large hazard ~ #E22323
>5.0 3 Very large hazard #934490

serve as an initial definition for different pluvial hazards in
Germany.

As stated previously, intended use-cases for the PFI are to
assess the regional susceptibility to pluvial floods, as well as
the real-time warning with respect to the potential occurrence
of hazardous pluvial floods. Since both applications aim at
the region to state level, the PFI needs to aggregate the local
data into an information that can be assessed on the intended
scale. Hence it is important to state that the PFI is intended
to identify regions affected by pluvial floods and hence trig-
ger local action by stakeholders. However, the required local
flood management measures need to be based on detailed in-
undation estimates from local flood risk assessments or the
locally derived PFHA extent. An example of how the PFI
can be linked to existing pluvial flood maps on a municipal-
ity level is provide by Krumm et al. (2025).

https://doi.org/10.5194/nhess-26-2673-2026
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3.3 Selected data and models to derive PFHA and PFI

In theory, a wide range of different models can be applied
to derive the baseline data for the estimation of PFHA and
PFI. However, there are a few requirements for the hydrolog-
ical and hydrodynamic models. The distributed hydrological
models must primarily be capable of accurately representing
the highly dynamic temporal formation of overland flow due
to infiltration or saturation excess under high rainfall inten-
sities. As the surface characteristic are spatially very vari-
able, the spatial resolution should be relatively high in the
order of 1 to 5m to capture the size of roads and buildings.
The process-based hydrological model RoGeR (Steinbrich et
al., 2016; Schwemmle et al., 2024) was selected for this study
as it allows long-term simulation to define initial conditions,
captures all runoff generation processes at a high temporal
resolution of 5min, was evaluated in many catchments in
the area of South-West Germany and even at smaller spatial
scales of hillslopes with high intensity rainfall experiments
(Steinbrich et al., 2016; Ries et al., 2020).

The concentration and accumulation of surface runoff can
be simulated using suitable 2D hydraulic models including
shallow water table calculations and an accurate mass bal-
ance. Of course, the spatially distributed and temporally dy-
namic input from the hydrological model must be taken into
account. As we plan to derive PFHA and PFI for larger ar-
eas with a spatial resolution smaller or equal to 5m, com-
putation time plays a crucial role. This is even more crucial,
when the PFI is used in real time forecasting systems. Models
whose time requirements are significantly reduced even for
relatively large-scale calculations compared to established
models are now available (e.g. Apel et al., 2022) or simpli-
fied hydrodynamic approaches can be applied (e.g. Leistert et
al., 2026). For larger scale applications, the nowadays avail-
able high-resolution DEM from airborne LiDAR sensing is
in term of spatial resolution and accuracy very good (Liu,
2008; Saksena and Merwade, 2015). However, the surface
models are usually not capturing all relevant drainage struc-
tures like culverts, creeks under small bridges or other kind
of artificial water retention infrastructure (Lindsay and Dhun,
2015). Hence, these DEM must be pre-processed to make
sure that the derived water depths and velocity maps are as
accurate as possible. In addition, the 2D hydraulic models
should allow for concurrent simulation of the three variables
maximum water depth, maximum flow velocity and maxi-
mum specific surface runoff (see Eq. 1). For this study, we
apply the new approach AccRo (Leistert et al., 2026), as it
allows for fast and reliable simulation of the necessary vari-
ables at a spatial resolution of 5 m defining the surface rough-
ness according to the land-use and surface characteristics as
defined in LUBW (2016). As for the majority of the available
hydrodynamic models, AccRo does not consider erosion or
other geomorphological processes potentially altering flow
paths in the cause of an event.
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For the precipitation data temporally and spatially well re-
solved data products are needed. For the application of the
PFI in real time forecasting systems or for the post-event
analysis radar-based precipitation products in 5 min tempo-
ral resolution are semi-operationally available for the whole
of Germany at a spatial resolution of 500 to 1000 m for the
real time nowcasting or even higher at 250 m resolution in the
case of post event analysis (see Sect. 4.1, Weiler et al., 2019).

If the PFI is used to assess the regional susceptibility to
pluvial floods (see Sect. 4.2), precipitation input is usually
provided in the form of design rainfall events for different
event durations. These data are based on extreme value anal-
ysis of heavy rainfall events recorded at stations and then
spatially interpolated. For Germany the reference data set for
heavy rainfall design events would be the so called KOS-
TRA dataset (KOSTRA V2020, Junghinel et al., 2023) pro-
viding estimates of rainfall sums for different event durations
and return periods on a spatial scale of 5km x 5 km. For the
state of Baden-Wiirttemberg, additionally a data set of design
rainfall events is available at 1 km x 1 km resolution (LUBW,
2016). This data was used for the SFI example described in
Sect. 3.2.

Note that the application of design rainfall events results
in widespread heavy rainfall input which would lead to un-
realistically high flooding in the downstream areas. In re-
ality, however, extreme rainfall events of convective nature
have a certain spatial extend only (e.g. Lengfeld et al., 2019),
generally limiting the amount of water available for pluvial
flooding. To incorporate this into the process of flow accu-
mulation usually an accumulation threshold is set, that de-
fines the maximum accumulation area (e.g. LUBW, 2016).
Beyond this threshold, the capacity of the main drainage sys-
tem is assumed to be large enough to completely capture the
accumulated flows, hence for cells with accumulation areas
above the threshold, accumulated flow is set to zero.

4 Results

4.1 Hindcasting the flash flood of 2024 in the Wieslauf
catchment, Germany

We selected an extreme pluvial flash flood event that oc-
curred in the evening of 2 June 2024 in the Wieslauf water-
shed (Rems-Murr-Kreis) to illustrate and elucidate the proce-
dures and outcomes of our methodology for producing PFHA
and PFI maps. The event caused extensive pluvial and fluvial
flooding. The discharge recorded at the gauge at the conflu-
ence of the Wieslauf river into the Rems river was far above
the discharge with a 100-year return period. The estimated
damages in the catchment exceeded EUR 300 million (Land-
tag von Baden-Wiirttemberg, 2024).

The radar-derived quantitative precipitation estimates
(QPE) of the event with a spatial resolution of 250 m and a
temporal resolution of 5 min were summed up for the period
between 15:30 and 21:30 UTC and compared with observa-
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~_ River

Figure 4. Hindcasting the flash flood event in the Wieslauf catchment on 2 June 2024 with (a) total event radar-based QPE including
measurements at stations at reported total event rainfall, (b) total overland flow, (¢) maximum water depth (z) of the surface runoff with
(d) related maximum velocity (v), (€¢) maximum specific surface runoff (g), (f) resulting extend of the PFHA, (g) PFHA fraction and (h) PFI
using a moving 2km? circular reference area. Spatial resolution is 5m. The SW Baden-Wiirttemberg region also marked in the location
overview panel is the focus regions of the analysis presented in Sect. 4.2.
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tion of private weather stations (not utilized for generating
the radar-based QPE) in the region and weather stations of
the DWD (Fig. 4a). The station’s maximum event sum of
110-120 mm aligns well with the estimated QPE maximum
of 130-140 mm. The overall quantity and geographical dis-
tribution of the region over 80 mm, as determined by radar-
based QPE, were accurately represented, with minor under-
estimations in the northwest and southeast (Fig. 4a). The con-
vective rainfall event progressed from northeast to southwest,
traversing the map extent in 4 h, with two separate peaks in
intensity.

Utilizing the hydrological model RoGeR, we simulated the
generation of overland flow (infiltration and saturation ex-
cess) with high initial soil moisture conditions (as simulated
by RoGeR’s water balance module for the event date caused
by an extensive wet period of about 2 weeks directly preced-
ing the event) at a spatial resolution of 5m and a temporal
resolution of 5 min. Figure 4b illustrates the total overland
flow generation, with elevated values in regions of peak rain-
fall, as well as high values associated with urban settlements,
roadways, and certain soil types.

Figure 4 also illustrates the outcomes of the 2D hydrody-
namic simulation utilizing the surface runoff from the hydro-
logical model, maintaining identical spatial and temporal res-
olution. The DEM was adjusted to facilitate flow in all creeks
and rivers in accordance with the delineated stream network.
All buildings were considered specifically in the DEM to fa-
cilitate surface runoff around buildings. The maximum wa-
ter depth (Fig. 4c), maximum flow velocity (Fig. 3d), and
maximum specific surface runoff (Fig. 4e) exhibit the char-
acteristic pattern of surface runoff in valleys and concave
slopes, (the underlying hillshade in grey depicting the ter-
rain features). The considerable rainfall event caused over-
land flow on the hillslope (Fig. 4b), which drained into the
Wieslauf River, causing it to breach its banks and gener-
ate significant fluvial flooding along the river’s main stem in
the lower catchment area. According to the definition of the
PFHA (Eq. 1), their extent is mapped in Fig. 4f. The resulting
PFHA fraction (Fig. 4g) and PFI (Fig. 4h), employing a dy-
namic 2 km? circular reference area without an accumulation
threshold, illustrates a large region with a PFI of 3 (very large
hazard) and extensive areas with a PFI of 2 (considerable to
large hazard), attributable to the event’s extensive spatial ex-
tend. The settlements experiencing the most significant dam-
age and fatalities were situated in the highest PFI, however
considerable damage to forest roads and bridges was also ob-
served in PFI 2, which is to be expected, since there is still a
certain fraction of the area classified as PFHA.

For two hot spot regions within the Wieslauf catchments
we have information on observed maximum water levels
available, which can give a hint towards the credibility of
the PFHA classification. The data was collected a few days
after the extreme event and is mainly based on flood marks.
In Fig. S1 in the Supplement the estimated maximum water
depths are plotted jointly with the simulated maximum wa-
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ter depth. While for locations further away from the Wies-
lauf river the match between reconstructed and simulated
maximum water depth is very good, the model simulations
strongly (more than 1 m) underestimate the flooded regions
close by the river bank. Due to the extremely wet pre condi-
tions, the Wieslauf river already was experiencing a mod-
erate fluvial flood event (5-10-year event) at the onset of
the pluvial flood event. This led to the effect that at certain
regions along the river flooded and build up effect was oc-
curring. Since in the 2D hydrodynamic simulation the initial
water depth in the river was set to zero, however, this effect
could not be simulated. Still the PFHA thresholds are widely
reached in the hydrodynamic model simulation, resulting in
the highest PFI values in the region.

4.2 PFI hazard mapping (flash flood hazard maps)

The second example illustrating the potential of the PFI is the
creation of a PFI or flash flood hazard map. The objective is
to determine PFHA based on a defined amount and intensity
of rainfall for a specified return period for an extensive area.
In regions susceptible to pluvial flooding, the PFI should be
high, indicating possible hazard when heavy rainfall events
occur. The hazard maps offer an initial indication of whether
towns need to implement further measures to prepare for plu-
vial flooding. To simulate the PFHA, we utilized the already
existing overland flow generation maps created for the entire
state of Baden-Wiirttemberg to assist the states pluvial flood
risk assessment (LUBW, 2016).

The overland flow generation maps were produced using
the RoGeR model, based on 1 h rainfall events with varying
return times (we selected a 100-year event for our example)
and median initial soil moisture conditions throughout sum-
mer. The overland flow generation maps for the designated
area in SW Baden-Wiirttemberg (refer to location and ex-
tent in Fig. 4) is presented in Fig. 5a. The regions exhibit-
ing elevated levels of overland flow are situated in the west-
ern lowlands and the hilly terrains west of the Black Forest.
The Black Forest itself shows low values of overland flow
generation despite higher precipitation, as the predominantly
forested soils are highly permeable and runoff generation is
primarily dominated by subsurface stormflow, particularly in
winter (Bachmair and Weiler, 2012). Utilizing the identical
2D hydrodynamic model AccRo, now with an accumulation
threshold of 10 km? to only capture pluvial flooding, we sim-
ulated the PFHA (Fig. 5b). The PFI was determined and illus-
trated in Fig. Sc using the identical 2 km? circular reference
area. The PFI identifies certain places with a high hazard,
while numerous areas possess a PFI of 0, indicating no dan-
ger to pluvial flooding.

Direct validation of the PFI hazard maps is challenging
due to the absence of long-term data of pluvial floods. One
possibility, however, is to compare it with recorded heavy
rainfall events. A quantitative data accessible is the radar-
derived mapping of heavy precipitation occurrences from the
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a) Overland flow generation b) PFHA c) PFI
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Figure 5. The three steps to derive PFI hazard maps: (a) overland flow generation for a 1 h precipitation event with a return period of 100 years
simulated with a hydrological model, (b) the resulting PFHA in two selected areas using a 2D hydraulic model with an accumulation threshold
of 10km? and (c) the resulting PFI using a moving 2 km? circular reference area. Spatial resolution is 5 m.
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Figure 6. Comparison of the PFI hazard map with (a) observations of heavy precipitations events with a duration less than 4 h from the

DWD-CatRaRe database and (b) the locations of flash floods in comparison with the PFI with an accumulation threshold of (left) 10 km?
and (right) 20 km?.
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Figure 7. Comparison of PFHA with HQ100 flood extent. Panel (a) shows the normalized (by the maximum number of HQ100 cells over
all elevation bands) fraction of HQ100 as wells as PFHA fractions (for two different accumulation thresholds) over the different elevation
bands. Panels (b) and (c¢) show the normalized (by the maximum number of PFHA cells over all elevation bands) PFHA fraction for 10 and
20km?, respectively. The stippled/dotted black line represent the distribution of PFHA fractions depicted in panel a. The grey line represents
the distribution of the PFHA fraction outside of HQ100 areas, independent of cell slope. The coloured lines depict the same, but classified

by the cells gradient.

DWD in the CatRaRe database (Lengfeld et al., 2021). We
picked events from Version 2025.01 spanning the years 2001
to 2024 determined from RADKLIM-RW. In order to only
include rainfall events potentially causing pluvial floods, we
only considered shorter events (event duration less than 4 h)
exceeding a 5-year return period. Figure 6a depicts the se-
lected rainfall events against the overland flow generation in
the background. As anticipated for events with a low return
period during an observation span of 22 years, the events plot
relatively regularly and exhibit no discernible spatial pattern.
On top of the heavy precipitation data, we successfully aug-
mented an existing database concerning the locations of flash
flood incidents that caused damage to structures and roads.
The dataset was originally compiled by the state authorities
in Baden-Wurttemberg (LUBW, 2016) and has meanwhile
been updated to encompass the period from 1995 to 2024.
Since the database only provides the information in which
municipality an event occurred, but does not include any in-
formation on the severity or spatial extend of the flooding,
we use the centre coordinates of the affected municipalities
to juxtapose the flash flood incidents with the PFI in Fig. 6b.
To evaluate the impact of different accumulation thresholds
on replicating the PFHA, we contrasted the original configu-
ration of 10km? with a revised configuration of 20 km?. The
geographical distribution of flash flood incidents during the
past 30 years as recorded in the state’s data base correlates
well with areas of elevated PFI, especially when investigating
the PFI with a 20 km? accumulation threshold. All observed
flash flood incidents occur in regions classified as PFI 2
and 3. Moreover, it is highly relevant that no occurrences
were recorded in regions with a PFI of 0, although several
intense rain events were recorded in these regions (Fig. 6a).
It is evident that several extreme rainfall events occur in re-
gions with a low PFI and no observation of flash floods (see
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below). Therefore, the hydrological processes with the spe-
cific spatial pattern of overland flow generation and/or the
terrain inhibits significant effects on the accumulation of sur-
face runoff, resulting in the absence of simulated PFHA.
Although it becomes clear, that the majority of PFHA and
hence also PFI hazard areas are occurring in or close to the
valley bottom regions of the study area, they are not nec-
essarily confined to rivers and broader floodplains. To proof
this, we used the publically available HQ100 extend map (ac-
cessed via the LUBW web server) for the region and com-
pared the fraction of PFHA within this HQ100 flood zone
(Fig. 7). For a direct comparison we rasterized the HQ100
data to the PFHA extend and resolution using QGIS, so a
direct 1 to 1 comparison is possible. It becomes obvious
that in the lower regions of the study area the HQ100 flood
extend is much larger than the PFHA, which is a conse-
quence of the applied accumulation thresholds. For higher
elevated regions, however, we have relatively more PFHA
than HQ100 cells (Fig. 7a). If only PFHA cells outside the
HQ100 zone are analysed (bold lines in Fig. 7b and c), we
see that actually a large fraction of PFHA is located outside
the HQ100 zone. Especially for higher elevated areas (above
~450m) almost all PFHA occurrences are outside HQ100
zones. Since the PFHA cells in the elevation band are largely
bound to relatively steep gradients it can be concluded, that
here mainly the thresholds for v and/or ¢ play the major role.
An overview of the spatial patterns of HQ100 over the full
SW Baden-Wiirttemberg region is given in Fig. S2. Here we
also depict the PFHA and HQ100 areas for the two selected
regions depicted in Fig. 5. Also from this analysis it becomes
obvious that PFHA and HQ100 regions substantially differ.
The PFI maps shown in Figs. 5 and 6 were generated using
a weighted moving circular buffer with a 2 km? area. To as-
sess the sensitivity of spatial PFI distributions to buffer size,
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we also produced maps using 3 and 4 km? buffers (Fig. S3).
The weighting scheme preserves the dominant PFI patterns
across all three buffer sizes; only minor, localized shifts be-
tween PFI 1 and PFI 2 occur. Because these small variations
do not alter the overall warning potential, the aggregation of
local PFHA data into mesoscale PFI values can be consid-
ered robust.

5 Discussion

The Pluvial Flood Index (PFI) was developed as a straightfor-
ward, dimensionless regional-scale index primarily for pub-
lic communication. The aim is to provide information re-
garding pluvial flash flood hazards for early warning and the
evaluation of flash flood hazards, extending beyond a simple
heavy rainfall alert. To guarantee that the PFI, as a classi-
fied index, possesses substantial relevance and that relevant
flash flood scenarios are precisely evaluated utilizing the PFI,
the scientifically sound estimation of the Pluvial Flood Haz-
ard Areas (PFHA) employed for the PFI classification is of
paramount importance. The suggested thresholds for calcu-
lating the PFI from the PFHA fraction (Table 1) needs fur-
ther evaluation. Nonetheless, the comparisons and instances
in this study, along with other previous assessments of more
historical occurrences (Krumm et al., 2025), demonstrate a
somewhat solid and functional classification.

The PFI shares similarities with existing flood or land-
slide warning approaches that utilize rainfall thresholds (e.g.,
DWD, MeteoSwiss) or those that integrate rainfall thresh-
olds with soil moisture indices (e.g., Brigandi et al., 2017).
However, it directly evaluates the extent of pluvial flooding
and is hence more spatially explicit. Other spatially explicit
methodologies, such as the flood hazard index (FHI) (Kaza-
kis et al., 2015; Kabenge et al., 2017) or the Flash-Flood Po-
tential Index (FFPI) (Popa et al., 2019), rely solely on various
static causal elements or Neural-Network Model and are con-
siderably more challenging to assess and implement in flood
forecasting systems.

To apply the PFHA/PFI concept as a sound estimate to
identify pluvial flood hazards it is essential that all important
hydrological and hydrodynamic processes that contribute to
flash floods are incorporated in the base line data to derive
PFHA and PFI. This requires a model chain consisting of
rainfall forecasts (seen as a warning system), a hydrolog-
ical model and a hydrodynamic model. Given that several
current fluvial flood forecasting systems already include the
initial two systems, future emphasis will be on establishing
a suitable connection with hydrodynamic models or alter-
native methodologies that facilitate the prediction of PFHA
through the generation of overland flow. Nonetheless, the hy-
drological models need to consider the relevant runoff gen-
eration processes in an adequate spatial resolution. Numer-
ous federal states possess appropriate time-efficient models
for area-disaggregated runoff generation calculations that ac-
count for infiltration excess, such as the state-wide RoGeR
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model in Baden-Wiirttemberg (Steinbrich et al., 2021). The
hydrological model LARSIM, which is already widespread
for operational flood-forecasting is an appropriate alterna-
tive (Bremicker et al., 2013). LARSIM includes an ade-
quate dynamic infiltration module and it has proven to per-
form well for pluvial floods, and similar to RoGeR (Haag
et al., 2022b). LARSIM models with a dynamic infiltra-
tion module are available for the German federal states
of Baden-Wiirttemberg, Rhineland-Palatinate, Hesse, North
Rhine-Westphalia and parts of Bavaria as well as for Luxem-
bourg and the French part of the Rhine catchment (Haag et
al., 2022b).

The PFHA/PFI concept can serve as the key informa-
tion in order to provide an end user-tailored large-scale flash
flood warning systems in the future. Such systems necessi-
tate the effective simulation of the PFI across extensive re-
gions. In addition to the existing hydrological models, there
is a need for large-scale, computationally efficient models
for runoff concentration and 2D-hydrodynamic simulations.
Indeed, they present a challenge for operational calcula-
tions; however, recent advancements in high-resolution 2D
hydrodynamic modelling (Khosh Bin Ghomash et al., 2025;
Apel et al., 2024, 2022; Buttinger-Kreuzhuber et al., 2022)
and rapid alternative methods such as AccRo (Leistert et
al., 2026) are now available.

Beside operational pluvial flood forecasting and warning,
the PFI can also be used for extensive evaluations of pluvial
flash flood susceptibility. This extensive comparative evalua-
tion facilitates the prioritization of precautionary measures
specific to pluvial flooding, including the development of
comprehensive pluvial flood hazard maps at the municipal
or village level (refer to the existing methodology in Baden-
Wiirttemberg) and the formulation of alarm and deployment
strategies for flash floods. To ensure that the PFI serves these
applications optimally, the PFI can additionally be linkable
to more detailed specialized information like detailed hazard
maps of PFHA of a settlement.

The PFI hazard map presented in Sect. 4.2 can be readily
expanded to encompass larger regions, provided that a suit-
able hydrological model has been established and assessed.
In this context, hydrodynamic simulations pose fewer chal-
lenges, as they are required solely for particular scenarios,
thereby mitigating concerns regarding the rapid execution of
such models.

Still, it is key that both, the hydrological as well as the hy-
draulic processes have been considered previous to the defi-
nition of the PFHA and PFI. To demonstrate the lack of in-
cluding the process of runoff generation into the hazard anal-
ysis, we compiled the PFI for the previously introduced re-
gion in SW Baden-Wiirttemberg using model surface runoff
based on the Model RoGeR as described in Sect. 4.2 (Fig. 8a)
as well as using directly the precipitation input (Fig. 8b). The
latter setup is currently proposed for the nationwide pluvial
flood maps in Germany (Wimmer and Hovenbitzer, 2025).
Here basically all major valley structures would be classified
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Figure 8. Comparison of the PFI hazard map using (a) simulated surface runoff and (b) precipitation estimates as input. Accumulation
threshold for both maps is set to 10 km?2. In panel (c) additionally a PFI hazard map based on surface runoft but with the river network as

infiltration spots instead of a fixed accumulation threshold is shown.

as hazard areas, generating a large overlap with fluvial flood
hazard maps. As a result, such maps based on data ignoring
major hydrological processes clearly do not represent pluvial
flooding, but rather demonstrate the potential of a fast 2D hy-
drodynamic model without taking into account the processes
and scales relevant to pluvial floods.

We further compared our approach of defining fixed accu-
mulation thresholds with the Swiss approach of defining each
water body as having infinite water uptake capacity (Fig. 8c).
It becomes obvious that especially the flood hazard areas in
the upstream parts of the smaller creeks are disappearing in
the Swiss approach. However, often the overflow from the
small creeks in combination with blocked culverts and forest
paths often play an important role in redirecting water into
settlement structures. Comparing panels (a) and (c) in Fig. 8,
however, also reveals regions, where there is no difference,
again demonstrating that flood hazard regions defined via the
PFI are not necessarily constrained to flood prone river beds.

The Swiss approach further depends on the used dataset to
classify water bodies and, hence, is certainly less consistent
on the regional to national scale as the PFI’s proposed fixed
accumulation threshold. Additionally, the national German
and Swiss approaches only consider different classes of in-
undation depths when communicating pluvial flood hazard.
We believe that the PFHA’s proposed approach to defining
areas where pedestrians or vehicles are at risk when water
depth, flow velocity, or a combination of the two exceeds the
defined thresholds is much easier to communicate and more
straightforward. This finding is also supported when taking
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the elevation and elevation gradient of PFHA areas into con-
sideration.

Further evaluation of the approach is required, taking into
account a wide range of events, locations, and options for
comparing with damage data. The preliminary comparisons
appear promising (Krumm et al., 2025), but more events and
a comparable event database are required to improve the
evaluation. We need nationwide databases of historical flash
flood events. The initial compilation by Gaume et al. (2009)
for Europe triggered many approaches and analyses (for ex-
ample, the HiOS database of Kaiser et al., 2021), but certain
event documentations are frequently lacking, such as infor-
mation about damages, local observed rainfall intensities and
amounts, or flooding extent; or the entire database is not pub-
licly available due to data restrictions imposed by the insur-
ance companies. Other online tools focus on meteorological
occurrences of heavy rainfall and are less likely to provide a
focused indication of pluvial floods, but they may serve as a
starting point for further investigation into whether a heavy
rainfall event triggered a pluvial flood or not.

Currently, the PFI only addresses pluvial hazards related
to water depth and flow velocity, without other negative ef-
fects of pluvial floods such as erosion and sedimentation.
Sediment has become increasingly important in fluvial flood
analysis and modelling in recent years (for example, see
Hamidifar et al., 2024). New approaches have been presented
for detecting the damages of previous pluvial floods using
satellite images, primarily due to changes in surface ero-
sion or sedimentation (Cerbelaud et al., 2023). However, no
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hydro-sedimentary modelling system (e.g., Kourgialas and
Karatzas, 2014) has been used for larger-scale pluvial flood
real-time warning or hazard mapping to date.

6 Conclusion

Pluvial floods are flash floods resulting from localized, se-
vere convective precipitation events. Climate change is ex-
pected to intensify the hydrological cycle, leading to in-
creased heavy rainfall events and pluvial flood occurrence.
The escalating threat of pluvial floods, exacerbated by ur-
banization and surface sealing, suggests a significant vulner-
ability to damage. The new mesoscale Pluvial Flood Index
(PF]) is a versatile tool to address these hazards and improve
forecasting and alerts. The PFI is a straightforward, compre-
hensible, and tangible measure. However, to be meaningful
all hydrological and hydraulic factors have to be considered
while establishing the baseline data to estimate pluvial flood
hazard areas (PFHA) and subsequent PFI classification.

Pluvial floods are rare, local events that complicate the es-
tablishment of dependable return intervals. We believe that
the absolute extent of the PFHA is more crucial than the oc-
currence probability of an event. Therefore, the PFI is based
on the relative area fraction of the PFHA to a reference area,
providing a comprehensible and highly flexible basis for as-
sessing flash flood hazards. The dimensional index of the
PFI is intended for a broad assessment of flash flood hazard,
primarily for simple communication with the general public
on a regional scale, whereas the underlying PFHA provide
also detailed technical information about the extend and lo-
cation of hazard areas. The PFHA and the PFI can serve as
a fundamental approach for operational, scale-bridging flash
flood warning systems, requiring effective hydrological and
hydraulic simulations across large regions. It can also be used
for extensive evaluations of pluvial flash flood susceptibility,
facilitating the prioritization of precautionary measures spe-
cific to pluvial flooding.
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