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Abstract

Climate-induced natural hazards can result in disruptions and failures of railway routes
which are associated with high economic costs. Hence, the mechanisms of climate impacts
posing a threat to rail transport must be identified, analysed and localised in railway
networks. This study aims at assessing heavy rainfall hazards on the railway network
of the federal state Nordrhein-Westfalen (NRW) in Germany and presents a GIS-based
flooding indicator. A rule-based classification and aggregation approach with a hazard
matrix was developed using potential flooding depths and flow velocities, resulting in five
hazard classes. The approach was applied to the railway network in NRW for two heavy
rainfall scenarios (N100, Next). The results show that the clear majority of route kilometres
are classified as at least moderate hazard in both precipitation scenarios considered (Next

81%, N100 72%). On railway routes in low mountain range regions, more sections are
assigned higher hazard classes than in flat landscapes. The plausibility of the indicator was
explored through scenario, structural and conceptual parameter analyses, which support
robustness of the results. The maps can serve as a tool for making qualitative statements on
the potential impact on the German railway network and localising these impacts spatially.

Keywords: railway; flooding; heavy rainfall; natural hazard assessment; exposure analysis;
hazard indication maps; GIS

1. Introduction
Adaptation to climate change is essential for a functioning and efficient railway system,

as railways are an essential part of the European transport system. Railway transport plays
an important role in the European economy by supplying goods and services on a large
scale [1–3]. As of 2023, the German railway network covers more than 39,000 km of
routes and has the highest passenger numbers and the highest volume of goods (in tons)
transported in the European Union [4–6].

Extreme climatic events such as heavy rainfall, droughts or storms can lead to flooding,
fires and tree falls, which in turn can have large impacts on the railway infrastructure and
rolling stock [3,7]. Heavy rainfall events can cause extensive widespread flooding and are
associated with being potential triggers for other natural hazards, such as gravitational
mass movements and river floods [8–11]. For example, the heavy rainfall events in July 2021
in western Germany and adjacent countries led to extreme floods resulting in landslides,
embankment slides and track undermining and overwashing with damage to all parts
of the railway infrastructure [8,10,11]. Disruptions and failures of railway routes are
associated with high economic costs [3,12]. Deutsche Bahn, Germany’s largest railway
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operator, estimates the related direct damage to their infrastructure from the July 2021
heavy rainfall and flood event at around € 1.3 billion. Some railway lines were completely
destroyed and the restoration took several years [13,14]. Route closures, diversions and
damage to infrastructure components have also occurred in connection with other heavy
rainfall events in Germany in the past, e.g., in Münster in 2014, and in both Kitzingen and
in Schwäbisch Gmünd in 2024 [15–17].

Among other natural hazards, heavy-rainfall-induced flooding poses a particular
threat to railway infrastructure as it can occur in a spatially diffuse manner and is charac-
terised by both potentially large volumes of water with high flow velocities and a high ero-
sion potential [8,18,19]. A spatio-temporal analysis compared damage data from Deutsche
Bahn with the heavy rainfall event catalogue “CatRaRe” (Catalogue of Radar-based heavy
Rainfall Events in Germany) of the German Weather Service (DWD) and showed that
between 2011 and 2021 nearly all parts of the German railway network were affected at
least once by a heavy rainfall event [11]. Given these historical occurrences and damages,
as well as the expected increase in extreme events with climate change in Germany [20], it
is essential to localise and classify the hazards of flooding caused by heavy rainfall in the
German railway network. Therefore, this study addresses this gap by providing an initial
indicative GIS-based method to identify potential focal points and areas of exposure within
the railway network.

GIS-based analyses and hazard maps are an important tool for the spatial assessment
of climate impacts on infrastructure and are frequently used in the transport sector. Some
studies investigate multiple natural hazards or analyse a basic influence of climate im-
pacts or climate change [21–23]. Within GIS-based studies on the spatial assessment of
climate impacts on transport infrastructure, there are only a few investigations focusing
specifically on railway infrastructure, most of them focussing on other climate impacts
than flooding [24–29]. These studies refer to different networks, e.g., the Czech railway
network [24], the Spanish railway network [25], the German road network [26,27] and the
German railway network [28,29], and different natural hazards or impacts, e.g., rapid mass
movements [28], embankment fires or wild fires [25,29], and tree-fall events [24,29]. Whilst
hazard indication maps already exist for multiple hazards in the German railway network
and are used in research and practice [30], there is a clear gap in this area with regard to
heavy rainfall hazards, which is addressed in the study presented here, building directly
on established methodologies.

Existing GIS-based approaches on the flooding of railway infrastructure mainly aim
at identifying hotspots of flooding hazards against the background of climate change
on specific railway lines [31–33] or on whole railway networks [34–36]. Only a few
studies worked on approaches to heavy rainfall impact assessment on railway infras-
tructure. Fabella & Szymczak and Liu et al. used geodata investigating heavy-rainfall-
induced hazards, e.g., landslides, on railway infrastructure but with a main focus on
statistical correlations between heavy rainfall and other processes and parameters [7,36].
Some studies conducted comprehensive multi-criteria assessments addressing flooding
risks on railways using complex methodological frameworks and a wide variety of input
data [37–39]. In contrast to such multi-criteria assessments, this study presents a less com-
plex approach focussing on exposure and hazard analysis by considering two parameters,
flooding depth and flow velocity. This study makes use of existing high-resolution heavy-
rainfall modelling data for Germany, which already takes various geographical parameters
into account, such as terrain elevation, precipitation scenarios, and land use [40,41]. These
maps provide spatially comprehensive data on flooding depths and flow velocities, but
there is no methodology available to derive hazards specifically on the railway network
from these data. To address this gap, this study design is specifically chosen to ensure
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that the approach can easily be replicated and further developed utilising high-quality
input data that is already available. Consequently, the methodology can serve as a starting
point for further, more complex investigations and be applied in such contexts, such as
comprehensive risk analyses including sensitivity and criticality factors. However, these
complex investigations are beyond the scope of the current study.

Several studies focus on river-flooding-induced damages of railway infrastructure
and explanatory parameters, e.g., flooding depths. Kellermann et al. analysed occurred
damages on the railway infrastructure after the March river flooding event 2006 in Austria
and developed a model for estimating flood losses in railway infrastructure based on
different explanatory parameters [42]. While Zhu et al. investigated the effects of river
flooding on the operability of railway systems in China using a simulation framework,
Tsubaki et al. developed fragility curves for the risks of different structural damages to
railway infrastructure in case of river flooding [43,44]. Unlike those studies, our study does
not focus on concrete damage analysis or estimation. Instead, it uses the findings from
such damage study procedures to develop and apply a classification approach on potential
hazards to the German railway network on an indicative level.

Our study presents an exposure and hazard analysis of railways to heavy rainfall.
This needs to be carried out as a contribution to adapting the railway infrastructure in the
long term. Exposure analyses in already existing and successfully applied guidelines for
municipal heavy rainfall risk management in Germany take modelled flooding depths and
flow velocities into account, as well as using hazard classes based on potential damage
due to physical forces [45,46]. The physical forces of flowing water can also lead to
damage processes affecting the railway infrastructure, e.g., erosion or deposition of debris.
While these guidelines do not analyse the exposure and hazard of transport infrastructure
specifically and only cover limited areas, the approach in this paper aims at providing a
tool for analysis of railways indicating exposure and hazards on network and route level.

This study presents a GIS-based flooding indicator as an initial approach to assess
heavy-rainfall hazards on the German railway infrastructure. It aims at providing an easily
replicable tool for indicative exposure and hazard analyses in the German railway network.
The following research questions are addressed:

• How can a potential heavy-rainfall hazard on the German railway network be derived
spatially as an indicator on the basis of existing heavy-rainfall hazard indication maps?

• How can the derived heavy-rainfall hazards on the German railway network be
visualised spatially along the railway routes?

• What potential heavy-rainfall hazards can be derived for the railway network in
Nordrhein-Westfalen and are there regional patterns?

In order to address the research questions and achieve the study’s objective, a rule-
based hazard classification is conducted based on parameters, classifications and thresholds
from the literature and using already available high-quality input data. As a first step,
an indicative classification approach to assessing the potential exposure of railways to
heavy rainfall is developed based on flooding depths and flow velocities including spatial
aggregation along the railways. In a second step, this approach is applied to the railway
network of the federal state of Nordrhein-Westfalen (NRW) in Western Germany to get
spatial information on potential exposure to heavy rainfall impacts. To explore the ro-
bustness and plausibility of the methodology and resulting GIS-based hazard maps, some
supplementary analyses were conducted in a third step. These include varying input data,
classification schemes and parameters as well as regional differentiation of the resulting
flooding indicator.
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2. Materials and Methods
2.1. Study Area and Input Data

This study focuses on the railway network in NRW, a federal state located in Western
Germany (Figure 1a). NRW is the fourth largest federal state in terms of area and the largest
federal state in terms of population with the second largest railway network density in
Germany (14% of the whole German railway network is located in NRW) (Figure 1b). Two
important European rail freight corridors cross NRW (Rhine–Alpine and North Sea–Baltic),
and two of the 10 most important stations in terms of passenger volume (central station
Köln Hbf and Düsseldorf Hbf) are located in this federal state [47,48]. As a result, disrup-
tions in NRW often have an impact on the entire German railway network. The state’s
railway network experienced a high impact of heavy rainfall events in the past, notably in
2021 [9,10]. Therefore, NRW was selected as a suitable study area to develop the flooding-
indicator approach.

 

Figure 1. (a) Location of the study area in Germany and (b) overview of the study area federal state
Nordrhein-Westfalen (NRW).

For the development of the flooding indicator, the railway network and heavy-rainfall
hazard indication maps were needed as input data. The nationwide German railway
network from Deutsche Bahn is freely available as polyline vector data [49]. The latest
version available at the time of GIS analysis (updated in 2024) was used in this study.
The data set includes the railway routes as single-line features with several appending
information per route, e.g., number of tracks, route number or electrification. It is important
to notice that both single-track and double-track routes are represented with only one line
per route.

The entire railway network from Deutsche Bahn in Germany comprises approximately
33,900 km of routes. As this study focuses on NRW, the data set was cropped to the extents
of the federal state resulting in a total of approximately 4800 km of routes (Figure 1b).

Under the leadership of the German Federal Agency for Cartography and Geodesy
(BKG) several federal and state authorities are currently developing a Germany-wide
indication map on heavy rainfall hazards [40]. With this project, the BKG is aiming for
a standardised and comprehensive mapping of heavy rainfall hazards in Germany. The
maps are to be understood at an indicative level and can form a basis for detailed analyses,
to develop specific local measures, for example.
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As a pilot project, the maps were created based on 2D-hydrodynamic modelling for
the federal state of NRW and published in 2021 as a map product and as raster datasets
of flooding depth and flow velocities [41]. The 2D-hydrodynamic modelling incorporates
various data, e.g., digital terrain models, land-use data, heavy-rainfall statistics and culvert
data. Model simulations for NRW were carried out for two different precipitation scenarios:
(1) a 100-year event (N100) based on the KOSTRA-DWD-2010R data set (heavy rainfall
statistics) of the German Weather Service (DWD), and (2) an extreme event (Next), which
was calculated with a fixed precipitation intensity of 90 mm per hour for one hour of
simulated rainfall. These precipitation scenarios can be categorised as intense and extreme
events using the heavy-rainfall index developed by Schmitt [50,51], which classifies the
severity of heavy-rainfall events based on their return period and is commonly used in
hazard and risk communication in Germany [52]. As a result of the modelling, hazard
indication maps for NRW are available as raster data sets of the modelled flow velocities
and flooding depths for each precipitation scenario. The raster data of the flow velocities
include the values of the magnitude, while values for the flow direction were not available
at the time of the GIS analysis. Flow velocity values are given in metres per second (m/s),
and the flooding depths in metres (m). The raster data is provided as 10 km × 10 km tiles
with a 1 m × 1 m resolution (one value per square metre) [41].

2.2. Development and Application of Flooding Indicator

A rule-based classification and aggregation approach was chosen to provide an easily
replicable tool for indicative heavy rainfall exposure and hazard analyses in the German
railway network. It is based on parameters, classification approaches and thresholds from
the literature. An in-depth analysis of the July 2021 event in Germany along a railway
route section found that most flood-induced damages affected the track superstructure,
surrounding areas, track substructure and technical infrastructure while the most fre-
quently identified damage processes were erosion and debris transport or deposit [11].
As these damage patterns and processes are strongly related to the flooding depths and
flow velocities occurred [11,42,44,53], the study presented focussed on a classification
approach combining these two parameters. The determination of classes and class bound-
aries for water depth and flow velocities was founded on a literature-based methodology
that takes both qualitative and quantitative studies and guidelines into account. These
sources serve as the basis for the classification scheme, in which the findings from the
literature were adapted in order to determine hazard of German railways to heavy rainfall
induced flooding.

While several concepts for general damage functions for river flooding events on
railway infrastructures exist, only a few studies developed and validated concrete thresh-
old values (depth and velocity) and classifications for direct structural damages [54–57].
Flooding depth threshold values for operability of railways were set by Zhu et al. (0.2 m)
and Murdock et al. (0.1 m) [43,58]. These studies use flooding depths as an indicator for
system functionality and do not focus on direct structural damages of railway infrastructure
components. Schriewer et al. compared sites of structural damages of railway infrastruc-
ture spatially to heavy rainfall indication maps from BKG as well as river flood hazard
maps [11]. The study showed that damage occurs in all water depth classes considered,
even in areas with very shallow water depths (<0.1 m), especially when the heavy rainfall
indication maps are considered. Kellermann et al. modelled the March river flooding
event in spring 2006 in Austria and analysed flooding depths in relation to the actual dam-
ages that occurred [42]. They then developed three structural damage classes for railway
infrastructure, which are ordinal-scaled by damage progression and refer to standard cross-
sections consisting of the components substructure, superstructure, catenary and signals.
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Based on statistical analyses, they also determined threshold values of flooding depths
for the damage classes. River flooding and heavy-rainfall-induced flooding can result in
similar, though not identical, damage mechanisms to railway infrastructure. Therefore,
the classes and threshold values for flooding depth by Kellermann et al. were used in the
development of the flooding indicator in this study, as Schriewer et al. did not set concrete
threshold values for water depth for the presented damage classes (Table 1) [11,42].

Table 1. Depth classes based on their potential impacts to railway infrastructure (data basis: [42]).

Class Flooding Depth (m) Expected Structural
Damage [42]

Definition for
Flooding-Indicator

Development

1 <0.2

“Track’s superstructure is
partly impounded, but
there is no or only little

noticeable damage”.

No or minor damages to
individual railway

infrastructure components
can be expected.

2 0.2–1.4

“Substructure und
superstructure of the track
section are fully inundated
and significant structural

damage at least to the
substructure must

be expected”.

Significant damages to
several railway

infrastructure components
can be expected.

3 >1.4

“Additional damage to the
superstructure, catenary
and/or signals must be

expected and, most
commonly, the standard

cross-section of the affected
track section needs to be

completely restored”.

Severe damages to several
railway infrastructure

components or destruction
of sections can be expected.

Based on the indicated importance of flow velocity in several studies, flow velocity
was selected as the second parameter in our classification approach [37,42,53,59]. Although
these studies highlight the importance of flow velocity as an indicator for potential damage,
there is still a need to develop concrete threshold values and classification of flow velocity.
Following the qualitative literature-based methodology in this study, velocity classes
from exposure and hazard analyses in existing guidelines for municipal heavy-rainfall
risk management in Germany were used [45] (Table 2). MULNV NRW categorises flow
velocities into three classes based on their potential hazards to human health, infrastructure
(power supply, telecommunication, transport) and objects (buildings), e.g., hazards to
people with restricted mobility and children, potential wall failure and potential failure
of structural elements [45]. An increased potential hazard is assumed for flow velocities
from 0.2 m/s as a critical value. As the presented study aims to assess the exposure and
hazard to railway infrastructure and its potential structural damages, it is assumed that
the physical forces leading to damages on structural components of buildings and diverse
infrastructures can also lead to structural damages of railway infrastructure. Therefore,
the class boundaries from the guideline were adopted and the classes were defined for
flooding-indicator development (Table 2). While class 1 with <0.2 m/s is considered with
no increased hazard in municipal heavy rainfall risk management [45], the definition for
class 1 in this study takes the possibility of minor damages into account.
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Table 2. Velocity classes based on their potential impacts to infrastructure and objects (data basis: [45]).

Class Flow Velocity (m/s) Potential Hazards [45]
Definition for

Flooding-Indicator
Development

1 <0.2 No increased hazard.

No damage or minor
damages to individual
railway infrastructure

components
can be expected.

2 0.2–0.5
Failure of seals due to

increased pressure, e.g.,
door seals.

Minor or moderate
damages to individual or

several railway
infrastructure components

can be expected.

3 0.5–2.0

Possible breakage of walls
due to a combination of
high static and dynamic

compressive forces.

Significant damages to
several railway

infrastructure components
can be expected.

4 >2.0

Possible failure of
structural components due

to increased dynamic
compressive forces.
Possible failure of

structural components due
to entrained solids.

Damage to the structure
due to undermining.

Severe damages to several
railway infrastructure

components or destruction
of sections can be expected

In the next step, the classified flooding depths and flow velocities were combined in a
hazard matrix to derive a flooding indicator, which comprises four hazard classes (Table 3).
A similar approach for municipal infrastructures exists in the exposure and hazard analyses
guidelines for municipal heavy rainfall risk management in Baden-Württemberg (BW),
Germany [46]. In order to optimise this approach to railway infrastructure, a hazard matrix
was developed by combining classified flooding depths and flow velocities with class
boundaries as described above. The combination of classified flooding depths and flow
velocities results in a classified flooding indicator as shown in Table 3. The four resulting
classes of the classified flooding indicator are labelled as low, moderate, high and very
high hazard. Combinations of different input classes, e.g., flooding depth class 2 and flow
velocity class 1, result in a flooding indicator of the respective higher class. All combinations
with highest class flow velocities or highest class flooding depths are categorised as very
high in the flooding-indicator class.

Table 3. Hazard matrix combining the flooding depths and flow velocities to derive a classified
flooding indicator.

Maximum Flooding Depth (m)

<0.2 0.2–1.4 >1.4

Maximum
flow velocity

(m/s)

<0.2 low moderate very high
0.2–0.5 moderate high very high
0.5–2.0 high very high very high

>2.0 very high very high very high

The technical implementation of the methodology was carried out in Python code
using QGIS functionalities. A script-based application was chosen to ensure the traceability,
reproducibility and replicability of the methodology. On the one hand, this makes it
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possible in principle to further develop the method in a comprehensible manner and, on
the other hand, to transfer the method to other regions and other land-based modes of
transport. The processing of the geodata was carried out entirely with the functionalities of
the qgis.core module, which includes SAGA GIS and GRASS GIS functions in addition to
QGIS functions (QGIS version 3.28 with Python version 3.9).

The flooding depth and flow velocity data from the extreme precipitation scenario
were used here. First, the raster data for depth and velocity in the selected tile were matched
for further processing in order to minimise the processing time in the subsequent processing
steps as well as the resulting data products. Therefore, the raster data was cropped to an
area of interest within a 10 m buffer distance at each side around the given railway routes
to counteract a potential inaccuracy in the position of the tracks in relation to the route
polylines in the vector data set and to take into account railway infrastructure components
next to the tracks in the analysis.

Then, the classification method was applied on the cropped raster data on water depth
and flow velocities by classifying the raster values based on the classes in Table 2 in a first
step, resulting in separate classified rasters for water depth and flow velocity with a class
value for each 1 m × 1 m raster cell (Figure 2).

Figure 2. Classified rasters for water depth and flow velocity based on maximum flooding depth and
maximum flow velocities (Next).

Following the developed hazard matrix, the classified depth and velocity rasters
were combined to derive a flooding indicator, which comprises four hazard classes:
low, moderate, high and very high. The result is a raster with one indicator class per
1 m × 1 m raster cell for the area of interest, i.e., within a 10 m buffer distance around the
railway lines (Figure 3).

https://doi.org/10.3390/w18131533
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Figure 3. Raster-based classified flooding indicator and vector-based spatially aggregated flooding
indicator (Next).

To derive information on exposure to heavy rainfall impacts for each route, the
flooding-indicator information was transferred from gridded data to linear data of the
railway network. For this purpose, a method for the spatial aggregation of the raster
data was developed, which takes the maximum class value, the mean class value and the
proportion of flooded area into account.

For this purpose, the railway routes were divided into segments of equal size (500
m) and then buffered (10 m). For each buffer polygon, zonal statistics were derived from
the classified flooding-indicator rasters, comprising mean class values, maximum class
values and number of classified raster cells (Figure 3). The number of classified raster cells
was divided by the total number of raster cells in the polygon to derive the proportion
of flooded area. The flooded area share was classified to derive an area factor for further
calculation (Table 4).

Table 4. Area factor as classified flooded area share.

Area Share Area Factor

<25% 0.25
25–50% 0.5
50–75% 0.75
>75% 1.0

The spatial aggregation of the flooding indicator was performed by multiplying the
mean class value, maximum class value and area factor for each segment. The multipli-
cation product was rounded to whole numbers, which is the final aggregated flooding-
indicator class according to Table 5. Areas without modelled or with extremely low flooding
depths and/or flow velocities were not assigned an indicator class based on the described
methodology. However, a potential impact in the event of a heavy rainfall event cannot
be completely ruled out on the basis of the modelled results. Additionally, the findings
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from Schriewer et al. emphasise that structural damages to railway infrastructure can likely
occur in areas with very low flooding depths according to hazard maps [11]. Therefore,
a fifth indicator class very low hazard was added to include areas where there are no or
only extremely low modelled flow velocities and/or flooding depths (Table 5). The final
geodata product is a polyline vector layer with an assigned flooding indicator class for each
line segment.

Table 5. Aggregated flooding indicator class based on rounded multiplication product of mean class
value, maximum class value and area factor.

Class Product

very low NULL
low 0

moderate 1
high 2

very high ≥3

2.3. Exploratory Plausibility Analyses

In order to investigate the plausibility of the approach developed in this study as well
as the resulting flooding indicator, some supplementary analyses were conducted including
variations in input scenarios, classification scheme structure and input parameters as well as
a spatial differentiation of the results. As the chosen methodology is a qualitative rule-based
hazard classification and no empirical calibration is carried out, the analyses conducted
are considered as exploratory investigations into the robustness and plausibility of the
methodology and resulting heavy-rainfall hazard patterns for railways. The calculation
run following the methodology as described in Section 2.2 served as base run A for the
following analyses, unless stated otherwise.

Firstly, a regional differentiation analysis was carried out to explore spatial differences
in resulting heavy rainfall hazards throughout the railway network in NRW. To explore
regional differences related to the state’s diverse topography, the results of base run A were
analysed for four large natural areas, which are based on geological history: Westfälische
Bucht (WFB), Rheinisches Schiefergebirge (RSG), Niederrheinische Bucht und Tiefland
(NBT) and Weserbergland (WBL). While WFB and NBT are characterised by relatively flat
topography, RSG and WBL are classified as low mountain ranges [60].

In the second step, a scenario analysis was conducted to explore the reaction to
different input scenarios. In addition to base run A, which used an extreme precipitation
scenario (Next) as input, the methodology was applied to the railway network in NRW
using the second available precipitation scenario data set with water depths and flow
velocities for NRW, a 100-year scenario (N100) (run B).

In the third step, a structural analysis was carried out to investigate the influence
of the classification decision for water depths. Therefore, an additional calculation run
was carried out using the classification scheme from the exposure and hazard analyses in
the guideline for municipal heavy rainfall risk management in NRW, which is shown in
Table 6 [45] (run C). The water depth impact classes from the guideline were not specifically
developed for railway infrastructure. Nevertheless, the physical forces considered there
can possibly lead to structural damages of railway infrastructure, which is why it was used
here as a comparison. Compared to the classification scheme in base run A (Table 1), the
classification scheme in run C comprises four classes instead of three with consequently
different class boundaries (Table 6). Consequently, the hazard matrix (Table 7) is also
slightly different from the hazard matrix in base run A (Table 3). Spatial aggregation was
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performed identically for both calculation runs as described in Section 2.3 resulting in five
aggregated flooding-indicator classes, which enabled comparability of the results.

Table 6. Depth classes based on their potential impacts to objects and infrastructure (data basis: [45]).

Class Flooding Depth (m) Potential Hazards [45]

1 <0.1 No increased hazard.

2 0.1–0.5
Water ingress into objects at ground

level and below, e.g.,
parts of buildings.

3 0.5–1.0

Water ingress into objects above
ground level.

Danger to public infrastructure
facilities, e.g., electricity,

telecommunications.

4 >1.0 Possible failure of
structural components.

Table 7. Hazard matrix combining the flooding depths and flow velocities to derive a classified
flooding indicator in calculation run C.

Maximum Flooding Depth (m)

<0.1 0.1–0.5 0.5–1.0 >1.0
Maximum

flow
velocity

(m/s)

<0.2 low moderate moderate very high
0.2–0.5 moderate moderate high very high
0.5–2.0 moderate high very high very high

>2.0 very high very high very high very high

In the fourth step, a conceptual parameter analysis was carried out to investigate the
relative influence of the input parameters water depth and flow velocity on the resulting
heavy rainfall hazards on the railway network. For the parameter analysis, a classification
scheme with the same number of classes for both water depth and flow velocity was
needed, which is not given in the previously used base run A (Tables 1 and 2). Therefore,
the additional calculation run from the structural analysis was chosen as the base run here
(run C). For run C, the classification schemes from the exposure and hazard analyses in
the municipal heavy rainfall risk management guideline were used, which comprised four
classes for both water depth and flow velocity [45] (Tables 2 and 6). In addition to base run
C, two runs of the indicator methodology were conducted with either water depth (run D1)
or flow velocity (run D2) as the sole parameter in the classification scheme. Consequently,
no combination of the two parameters in a hazard matrix was carried out in these runs and
only the chosen parameter contributed to indicator classification.

In a fifth step, a local case study was performed to explore the plausibility of the results
of this study against a past flooding event. For the precipitation, runoff and river discharge
associated with the flooding event in July 2021 in western Germany, return periods of well
over 100 years were adopted across large parts of the affected regions [61,62]. Therefore, the
results of base run A were used, which used an extreme precipitation scenario as the input.
During the July 2021 heavy rainfall and flooding event, many railway routes were damaged
and partly destroyed [10,11]. A damage analysis study on a section of the railway route 2631
between the train stations Kall and Nettersheim in NRW mapped some of the most frequent
damage processes occurred [11]. The route section under consideration is situated in the
Eifel low mountain range, which is part of the natural landscape RSG. As the underlying
geodata was not available, the damages were georeferenced in QGIS on the basis of the
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publication [11]. The mapped damages were compared with the flooding-indicator hazard
classes for this route section.

3. Results
3.1. Indicated Heavy Rainfall Hazards for the Railway Network in NRW

The application of the flooding-indicator methodology to the railway network in NRW
resulted in (1) detailed and (2) aggregated maps of the heavy rainfall hazard per scenario
N100 and Next for the railway network in NRW (Figure 4). The detailed maps show a grid-
based flooding indicator with one value per square metre in an area of 10 m buffer width
around the routes. The detailed flooding indicator in these maps is shown in the four classes
low, moderate, high and very high hazard, according to the class formation described in
the methods (Section 2.2). The aggregated maps show the determined flooding indicator as
vector-based polyline data with a value for each route section, which is usually 500 metres
long (Figure 4a,b). However, at the start and end of the route and at tile boundaries, the
sections may be shorter due to processing. We show the aggregated flooding indicator in
these maps in five classes: very low, low, moderate, high and very high hazard.

 

Figure 4. (a) Aggregated flooding indicator for potential exposure of the NRW railway network to an
extreme heavy rainfall event (Next), (b) detailed view on vector-based aggregated flooding indicator,
(c) detailed view on raster-based classified flooding indicator, and (d) proportions of route kilometres
in the assigned aggregated flooding indicator classes.

The vector-based aggregated indicator in combination with the pixel-based result
rasters within the buffered area can be used to gradually derive a multi-scale assessment of
the heavy rainfall hazard for railway routes (Figure 4b,c). Thus, the results enable initial
assessments of the impact at different scale levels. This means that hazard assessments can
be derived at the network and route level using the aggregated flooding indicator, as well
as on individual route segments, e.g., in the areas of railway stations.

The results of the aggregated flooding indicator for the heavy rainfall scenario Next for
NRW are shown as an exemplary overview in Figure 4a. The static overview provides an
initial indication and is not suitable for detailed analyses due to the spatial resolution, as
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not all railway lines can be visualised at this scale due to their spatial proximity. In the static
overview maps, route sections with a higher hazard are visualised as a priority for technical
reasons and can therefore overlay route sections with lower indicator classes. At this scale
level, the higher indicator classes probably are visually exaggerated. The exact shares of the
indicator classes in the route kilometres are shown in Figure 4d and described in Section 3.3.
However, spatial analyses can rather be performed with the results as geodata and using
flexible map views in GIS applications.

3.2. Regional Differentiation Analysis

In the regional differentiation analysis, spatial differences in the indicated heavy-
rainfall hazards in the railway network in NRW for precipitation scenario Next (run A)
were investigated in relation to the state’s diverse topography. Approximately one third
of the route kilometres in NRW are located in the relatively flat landscapes NBT (35%)
and WFB (34%), a fifth in RSG (21%) and just under 10% in WBL, with the last two being
characterised as low mountain ranges (Figure 5a).

Figure 5. (a) Aggregated flooding indicator and (b) aggregated indicator class share for railway route
kilometres in the landscapes Rheinisches Schiefergebirge (RSG), Niederrheinische Bucht und Tiefland
(NBT), Weserbergland (WBL) and Westfälische Bucht (WFB) (Next).

In all landscapes, the proportion of route kilometres in the moderate hazard class is
highest with around 50% (Figure 5b). The proportion of route kilometres with an indicated
high or very high hazard of heavy rainfall is significantly greater in the low mountain
regions RSG (39%) and WBL (40%) than in flat landscapes NBT (20%) and WFB (28%). This
difference is specifically clear for very high hazard class shares with 7% (NBT) and 8%
(WBT) for the flat landscapes in contrast to 20% (RSG) and 13% (WBL) for the mountainous
landscapes. Consequently, the proportion of kilometres of routes with a low hazard of
heavy rainfall is greater in the flat landscapes NBT (26%) and WFB (17%) than in the low
mountain ranges RSG (7%) and WBL (9%). Very low hazard class shares are less than 2% in
all four landscapes.
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3.3. Scenario Analysis

In the scenario analysis, the aggregated hazard maps were analysed for the heavy-
rainfall scenario Next (base run A) and the comparative scenario N100 (run B). First, the
distribution of the aggregated flooding-indicator classes for both calculation runs A and B
was examined to explore the reaction to different input scenarios. Therefore, the proportion
of railway route kilometres in the five indicator classes was determined. The entire railway
network in NRW comprises approximately 4800 km of routes. For both scenarios, the
lowest proportion of kilometres is accounted for by the lowest indicator class very low
hazard with ≤2% in each case (Figure 6a). The largest proportion of route kilometres in
both calculation runs is in the moderate hazard indicator class with 53% (Next) and 54%
(N100). There are clear differences between the two calculation runs for the other classes.
With 26%, the proportion of routes in the low hazard class in run B (N100) is well above
the proportion in the base run A (Next) (17%). In the high hazard and very high hazard
indicator classes, the proportion of routes in run B (N100) (12% and 6%) is clearly lower
than in base run A (Next) (17% and 11%). The proportion in the class that represents the
potentially highest hazard is therefore nearly twice as high in base run A (Next) as in run
B (N100). In both calculation runs, more than (Next) or nearly (N100) two thirds of the
kilometres of railway routes are classified as at least a moderate hazard. In base run A
(Next), more than a quarter of the kilometres of railway routes are classified as high hazard
or very high hazard, and nearly a fifth in run B (N100).

Figure 6. Comparison of resulting aggregated flooding indicator for base run A (scenario Next) and
run B (scenario N100) with (a) proportions of route kilometres in the aggregated indicator classes, and
(b) spatial comparison of aggregated indicator class allocation.

Overall, the hazard class is the same for almost three quarters (72%) of the route
kilometres in both calculation runs A and B (Figure 6b). Just under a quarter (24%) of
route kilometres have a lower hazard class in run B (N100) than in base run A (Next). Less
than 2% of route kilometres are assigned a higher hazard class for run B (N100) than in
base run A (Next). Furthermore, in all landscapes, the proportion of route kilometres
assigned the same hazard class in both calculation runs is greater than two thirds. The
proportion of unchanged hazard classes is slightly higher in the low mountain ranges
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(RSG 80%, WBL 78%) than in the flat landscapes (NBT 68%, WFB 70%). Subsequently, the
proportion of route kilometres assigned a lower hazard class in run B (N100) than in base
run A (Next) is greater in flat landscapes (NBT 30%, WFB 26%) than in low mountain regions
(RSG 18%, WBL 19%).

3.4. Structural Analysis

In the structural analysis, the relative influence of the classification decision for flood-
ing depths on the resulting aggregated heavy rainfall indicator was explored by comparing
the results of calculation run C with the results from base run A.

In run C more than two thirds (71%) of railway route kilometres are assigned the same
flooding-indicator class as in base run A (Figure 7). Slightly less than a fifth (17%) of route
kilometres are assigned a higher class and 12% are assigned a lower class in run C than
in base run A. This pattern is similar across all four natural landscapes NBT, WFB, RSG
and WBL. The majority of class transitions between base run A and run C happens within
one level up or down. Nearly all of the class transitions from the very low and low classes
between base run A and run C are into the next higher class. Most of the class transitions
from high and very high hazard in base run A occur into the next lower hazard class, while
a higher proportion from moderate class in base run A transitions to the next higher class
than to the next lower class in run C.

Figure 7. Proportions of route kilometres in the assigned aggregated flooding indicator classes for
base run A and calculation run C in structural analysis [42,45].

3.5. Parameter Analysis

In the parameter analysis, the relative influence of the input parameters flooding
depth and flow velocity on the resulting heavy rainfall hazards on the railway network
was investigated. Therefore, the results of two additional runs with flooding depth (run
D1) or flow velocity (run D2) as the sole input parameters were compared with a base run
combining both parameters (base run C) to calculate the flooding indicator.

In run D1, three quarters (77%) of railway route kilometres were assigned the same
aggregated flooding-indicator class as in base run C (Figure 8). Less than a fifth (17%) of
route kilometres in run D1 are assigned a higher aggregated indicator class and 6% are
assigned a lower indicator class than in the base run. This pattern is similar in all natural
landscapes in NRW. Most of the class transitions between base run C and run D1 occur
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within one level up or down. Transitions from the very low and low classes between base
run C and run D1 mostly occur to the next higher class. For the moderate, high and very
high indicator classes, transitions to both the next lower and higher class occur between
base run C and run D1.

 
Figure 8. Proportions of route kilometres in the assigned aggregated flooding-indicator classes for
base run C, calculation run D1 and calculation run D2 in parameter analysis.

In run D2, more than a third (35%) of railway route kilometres are assigned the same
aggregated flooding-indicator class as in base run C (Figure 8). Nearly two thirds (64%) of
route kilometres in run D2 are assigned a lower flooding-indicator class, while only one
per cent is assigned a higher class in run D2 than in base run C. This pattern is similar in
all natural landscapes in NRW. Most of the class transitions between base run C and run
D2 occur within one or more levels down. Class transitions occur more likely for route
sections assigned high or very high hazard than for the other classes.

3.6. Local Case Study: Railway Route 2631 Kall—Nettersheim During July 2021 Event

In the local case study, the plausibility of the resulting flooding-indicator was explored
against a past heavy-rainfall event. Along the railway route section between Kall and
Nettersheim, 5% of route kilometres were assigned low hazard, 49% moderate hazard,
14% high hazard and 32% very high hazard. There were no route segments assigned very
low hazard in the route section under consideration (Figure 9). The three most frequent
damage processes on the railway route 2631 between Kall and Nettersheim were mapped
in a recent study: washout of ballast, gravel or soil; deposit of wood, branches or trees;
and deposit of gravel or stone [11]. About half of the route section under consideration
was affected by one or more of the mentioned damage processes. The mapped damage
types occurred along the whole route section. On the one hand, damages occurred in
route sections across all flooding indicator hazard classes. On the other hand, there are
route sections in all hazard classes where none of the damage types considered here have
been recorded.
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Figure 9. Aggregated flooding indicator (Next) and mapped selected types of damages [11] along
railway route 2631 between the train stations Kall and Nettersheim.

4. Discussion
4.1. Development and Application of the Flooding Indicator

The flooding indicator developed provides a useful tool for initially identifying haz-
ards in the railway network. The indicator was applied only for one federal state (NRW)
so far, but as two of the most common regional landscapes in Germany, lowland regions
and low mountain ranges, are present in NRW, similar results are expected for similar
regions in Germany. By choosing a GIS-based approach with hazard indication maps as
a product, a spatially explicit assessment of the heavy rainfall hazards was enabled. This
approach is in line with other studies on climate hazards on railway networks [24–29] and
complements the already available hazard indication maps at the German Centre for Rail
Traffic Research (DZSF), which are used in research and practice [30].

The chosen rule-based classification and aggregation approach is based on parameters,
classification schemes and thresholds established in the literature, which have already
been empirically validated and/or applied in practice in the context of flooding hazard
analyses [42,45,46,59]. The aim of this methodology is not to generate new empirical data,
but rather to apply and adapt existing parameters, classification schemes and thresholds
to the context of heavy rainfall and railway infrastructure. This approach ensures both
the transparency and replicability of the results in context with existing studies and paves
the way for its further development, implementation and application. In contrast to
multi-criteria risk assessments [37–39], the flooding indicator presented here can be easily
applied to the rest of the German railway network, developed further for scientific and
practical questions or implemented in comprehensive risk analyses due to significantly less
input data, which is already available for Germany, and a straight-forward workflow in
open-source applications.

The parameters flooding depth and flow velocity were combined to derive a flooding
indicator for heavy rainfall hazards on the railway network. On the one hand, considering
both parameters influential for flooding hazards in general is in line with studies on flooding
damages to railway infrastructure [11,42,44,53]. On the other hand, the approach is in
contrast to multiple hazard studies related to flood impacts, which take flooding depth into
account as the only or most important parameter for structural damage, focussing mostly
on the less dynamic river flooding [42,43,59]. Still, multiple studies specifically emphasise
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the importance of flow velocity as a parameter in structural flood damage analyses for
railway infrastructure, especially for flooding events with dynamic flow patterns, such as
in the case of heavy-rainfall-induced flooding outside of running waters [37,42,53,59].

Despite this indication in the literature, no empirical classification scheme or threshold
values for the damaging impacts of flow velocities specifically on railway infrastructure
currently exists. To fill this gap, the developed flooding indicator used a rule-based ap-
proach from exposure and hazard analyses in municipal heavy rainfall risk management
guidelines for the classification of flow velocity impacts on the railway network [45].
Originally developed for urban areas, the categorisation of hazards is based on the phys-
ical effect of water on structural components, such as doors and walls, and on associ-
ated processes. As the physical effects and processes, e.g., undermining, can be simi-
lar for railway infrastructure, the classification of flow velocities was assumed suitable
in this study.

The classification of flooding depths was based on findings from river flooding
damage analysis for railway infrastructure [42]. Heavy-rainfall-induced flooding and
river flooding can lead to similar physical forces impacting infrastructure components.
Both natural hazards can occur simultaneously, which also happened in July 2021 in
Germany [10,11,61,62]. This makes it difficult to determine exactly which damage was
caused by which process. The observed damages in a study of that event are generally
more likely to be associated with river flooding than with heavy-rainfall-induced flooding
outside the water body [11]. An empirical classification and threshold data especially
for heavy-rainfall flooding damages is so far not available. Based on these findings, an
empirical data basis on flooding depth related impacts of river flooding mechanisms was
assumed suitable for the initial rule-based approach presented here [42]. This empirical
data basis was already used for modelling estimated railway infrastructure damages and
repair costs in Austrian Mur river catchment [59]. Still, heavy-rainfall events can lead to
flooding with more dynamic and spatially diffuse flow patterns than river flooding, so
empirical analyses of damages on railway infrastructure are needed to strengthen classifi-
cation schemes and thresholds. In practice, however, conducting empirical studies is often
difficult because detailed damage records for railway lines in Germany are maintained
by the railway infrastructure companies, and this data is not generally made available for
scientific studies. To address uncertainties, the assumption that damage can occur even
in the lowest depth class was incorporated in the flooding indicator by introducing a fifth
indicator class very low hazard. This assumption is in line with findings from current
damage analysis on railway infrastructure [11].

However, the explorative parameter and structural analysis performed indicate the
relative sensitivities and uncertainties of the literature-based methodology due to the lack
of a broad empirical data basis. The results of both structural and parameter analysis are
consistent across all natural landscapes in NRW, which underlines the general applicability
of the approach to different topographies. The parameter analysis conducted showed
that in this study the parameter flow velocity encourages a transition to lower flooding-
indicator classes, while the parameter flooding depth encourages a transition to higher
classes. Additionally, the variation of the classification scheme for flooding depth in
the structural analyses emphasises that the resulting flooding indicator showed a relative
sensitivity to the class boundaries. Based on that, a sensitivity to the class boundaries of flow
velocity can also be assumed, even though there was no alternative classification scheme
for flow velocity from the literature which could be used for comparison. Additionally,
the parameter and structural analyses indicate that these relative sensitivities differ due
to input parameter magnitude. These findings underline that more empirical basis is
needed to strengthen classification schemes for flooding depth and flow velocity impact.
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Consequently, additional flooding damage analyses of railway infrastructure relating to
hydraulic parameters such as flooding depth, flow velocity and flow direction are needed
to further develop flooding indicators as well as methodologies to perform detailed process
analyses as well as adaptation studies.

The script-based and partially automated implementation of the approach in this study
enables the reproducibility and replicability of the results, meaning that the approach can
be applied to other input data technically and generate results that enable comparability.
The use of Python as a scripting language in combination with QGIS functionalities as
open-source tools enables easy implementation into existing systems and workflows. As
the applications and scripting language used are available open source, they are also
documented in a publicly accessible area. As Python and QGIS as well as GRASS GIS and
SAGA GIS are constantly developed further, the workflow will need to be revised in relation
to the modules, tools and their implementation. In principle, the methodology could
also be applied using other scripting languages, e.g., R, and other GIS applications, e.g.,
ArcGIS. Additionally, the technical implementation promotes further scientific or practical
development of the flooding-indicator as well as implementation in more comprehensive
analysis. This is a major advantage compared to published railway damage studies [42,59]
and multi-criteria assessments [37–39], which use complex models, algorithms and software
applications, which are generally not freely available or are not specifically described.
The flooding indicator methodology can thus easily be integrated into existing software
structures from stakeholders and can be used there as an input parameter for further
analyses, e.g., risk assessments.

The tile-by-tile processing of the input data and the cropping of the input data to an
area of interest around the railway routes ensures a relatively low processing time. In this
way, it is possible to produce results for large-scale investigation areas, e.g., entire federal
states. In this processing method, there are forced splits at the tile boundaries dividing the
railway route segments. Thus, constant segment lengths over the entire route network are
not possible, resulting in track segments that are shorter than 500 m. This irregularity limits
the comparability of the aggregated indicator in some places, as buffer areas of different
sizes are taken into account in the aggregation.

4.2. Input Data

The derivation of the flooding indicator is based on the available modelled flood-
ing depths and flow velocities. These parameters were generated in a project to derive
Germany-wide heavy-rainfall hazard indication maps aiming at complete coverage and
thus an information function at an overview level [40,41]. In a river-flood damage analysis
on railways, hydraulic modelling was used to derive hydraulic parameters, e.g., flooding
depth and flow velocity [42]. In contrast, multi-criteria assessment studies on flooding haz-
ards to railways did not perform hydraulic or hydrological modelling with high-resolution
input data, but rather produced hydrological information from lower resolution geo data
using terrain-analysis tools in GIS [37,39]. This information is less accurate than the 2D-
modelled data used in our investigation.

The vector data set of the railway network used for the analysis contains the routes
as polylines, but not the exact track position. As there are single-track and double-track
routes in the German railway network, the position of the polylines in the dataset deviates
spatially from the actual track position to varying degrees. To address this uncertainty in
the data, the flooding indicator was derived from flooding depths and flow velocities in a
10 m buffer area around the routes. Consequently, it is assumed that the tracks are in this
area as well as other threatened infrastructural components, e.g., signals or power supply.
Therefore, the input data with inaccurate track positions can be considered sufficient here,
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as the methodology provides results at an indicative level. On the other hand, the exact
topographical location of tracks and other infrastructure components, e.g., on a dam or
along an embankment, and its associated influence on local flooding patterns, cannot be
depicted using the flooding indicator presented here. For specific infrastructure planning,
further high-resolution analyses, as well as more detailed input data, are necessary, e.g.,
on the exact position of infrastructure assets, local soil properties or diverse precipitation
scenarios. The flooding indicator presented here can serve as a starting point for these
local processes.

4.3. Indicated Heavy Rainfall Hazards in NRW

The results of the study could not be verified against historical events as there was
no suitable comprehensive damage data available at the time the study was conducted.
However, the study area includes parts of the railway network that were affected by the
extreme flooding event in July 2021. A local case study performed with limited damage
data showed that damages occurred along the whole route section and in all hazard classes.
For the whole route section, a relatively high exposure to heavy rainfall impacts can be
considered, as 95% of the route section were assigned at least moderate hazard with more
than a third of route kilometres being assigned very high hazard. The indicated hazard
corresponded to the mapped damages, which strengthened the plausibility of the flooding-
indicator approach and its results. Nevertheless, there is no validation possible based on the
available data. The July 2021 event was so severe that damages occurred across the entire
region [8,10,11,14,19], flooding from the Urft river affected the infrastructure as well [11],
and the local case study railway route section is very short (<10 km) in relation to the whole
network in NRW. Additionally, the underlying geodata was not available, which increased
the inaccuracy of the analysis conducted. However, the local case study showed that the
flooding-indicator results are in general suitable for comparison with actual flood damage
from past events. Such analyses with historical damage data are needed to develop the
approach further as well as to perform local risk analyses of railways. Given the dynamic
of the July 2021 heavy rainfall and flooding event, combined analysis of river flooding
and heavy rainfall hazards at regional and local levels should be considered for flooding
impacts on the railway network.

The regional differentiation analysis has already revealed spatial patterns of potential
heavy-rainfall hazards to the railway network in NRW. The characteristics of the flooding
indicator in low mountain ranges and lowland regions, as well as the differences between
them, could provide indications of the potential heavy-rainfall hazards to railway infras-
tructure in similar landscapes in Germany. These regional patterns are in line with studies
identifying steeper slope as promoting factor for flash floods, e.g., [63–66] and high flooding
hazards in mountain areas, e.g., [63,66,67], and they strengthen the plausibility and spatial
transferability of the flooding indicator results. Additionally, this pattern fit with the local
case study, which showed high hazard and corresponding historical flooding damages
along a railway route in the Eifel low mountain range.

The scenario analysis conducted showed a general tendency towards a lower hazard
classification for the N100 scenario compared to the Next scenario, which is plausible
considering the lower precipitation intensity of N100 scenario. These findings are in line
with studies on the severity of heavy-rainfall-induced flooding related to precipitation
frequencies and durations, e.g., [68,69]. Additionally, the differences between the 100-
year scenario and the extreme scenario are greater in the flat regions than in the low
mountain regions. These relative sensitivities showed the relevance of considering multiple
precipitation scenarios to strengthen the informative value of the flooding indicator in
further local studies or practical questions. As the equivalent comprehensive data are not
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yet available, no other precipitation scenarios were examined. With regard to the further
development and practical applicability of the flooding indicator, it would be useful to
investigate scenarios of lower intensities than N100 and Next. However, the methodology
presented here offers flexibility with regard to input scenarios and can therefore contribute
to addressing more detailed and local issues.

Hazard indication maps generally allow an initial assessment of the exposure of the
transport infrastructure to the climate impact—in this case, heavy rainfall [70]. In this sense,
a statement cannot be made about the actual impact on the railway infrastructure in the
event of heavy rainfall based on either the data basis or the flooding indicator. The aim
of this study is to provide a tool for the qualitative and classified assessment of heavy
rainfall hazards. Thus, with the derivation of the flooding indicator, the inaccuracies and
uncertainties of the underlying modelling were taken into account. The derivation of a
classified and an aggregated indicator enables intuitive grasping of the hazard assessment
and is therefore suitable for practical application in the railway sector while not requiring
detailed knowledge of heavy rainfall processes and modelling. The results of this study
can therefore serve as starting points for further analyses, e.g., climate impact analyses
or risk analyses for heavy rainfall. Further climate impact analyses and risk assessments
can contribute to deriving localised need for action with regard to adapting the railway
network to heavy rainfall events [30,70].

Neither the underlying modelled flooding depths and flow velocities nor the derived
flooding indicator are suitable for quantitative statements at a detailed level, as would
be necessary, for example, for the specific planning of adaptation measures. Multiple
other parameters, e.g., for the criticality and sensitivity of infrastructure assets such as
drainage systems, should be taken into account to drive forward more detailed adaptation
planning [36,37]. The flooding indicator provides a valid starting point for these detailed
analyses, thus creating a basis and a first step for increasing the resilience of railway
networks to heavy rainfall hazards.

5. Conclusions
This study makes an important contribution to increasing the resilience of the German

railway network to heavy rainfall hazards. An initial approach for assessing the exposure
and hazard of heavy rainfall to the railway infrastructure was developed and applied to
the railway network in NRW. The research questions were addressed by developing a rule-
based classification approach, visualising the flooding indicator as hazard indication maps
and assessing the resulting indicated heavy rainfall hazards for NRW. The methodology
developed is in line with the study’s objective to provide an easily replicable tool for
indicative exposure and hazard analyses in the German railway network using already
available high-quality data. The study has shown that in both of the precipitation scenarios
considered, N100 and Next, the clear majority of the route kilometres in the study area are
classified as being at least moderate hazard. Considering the expected increase in extreme
events in the course of climate change, the results thus show the necessity of adapting the
railway infrastructure to heavy rainfall impacts.

The maps produced serve as an exposure analysis as part of a climate impact analysis
of heavy rainfall hazards to the German railway network. Furthermore, the maps can
serve as a starting point for making qualitative statements on the potential impact on the
railway network and localising these impacts spatially. The results of this study cannot
provide a quantitative statement on the actual impact of heavy rainfall on the German
railway network. They could not be validated with recordings of current heavy rainfall
events due to the lack of suitable and sufficient data. However, a local comparison with
exemplary damage points from the July 2021 flooding event generally showed consistency
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between the indicated hazards and route sections affected. With regard to the data basis
available in the future as well as practical questions in infrastructure planning, the aim
should be to further develop the methodology by incorporating more comprehensive
empirical data and parameters, and to extend the flooding-indicator maps to the whole
of Germany. Hence, future scientific and practical questions could explore the economic
and operational implications of heavy rainfall hazards and could use additional data, e.g.,
on other precipitation scenarios, higher-resolution data of infrastructure assets as well as
damage costs.

Especially against the background of recent heavy rainfall events, this study should
serve as an impetus to locate hot spots of potential heavy rainfall impact in the railway
network and to carry out detailed analyses with regard to adaptation options. The develop-
ment of an adaptation strategy including a catalogue of measures that includes technical,
structural and/or regulatory adaptation measures, for example, would greatly contribute
to the climate adaptation of the German railway network.
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