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Abstract. In recent years, heavy rainfall events have frequently affected transport infrastructure in Germany. According 
to various climate projections, an increase in heavy rainfall events is expected. The project “Local analysis and mapping 
of potential flood areas in the federal trunk road network of North Rhine-Westphalia as a result of heavy rainfall events 
(Blue-Spot-Analysis)” has been initiated by the Federal Highway Research Institute (BASt). The project aims the 
development of a hydrological and hydraulic modelling and GIS analysis toolset approach that identifies potential flash 
flood hazard and risk on national trunk roads. The method has been developed and tested for one federal state with the 
goal to conduct a flash flood hazard and risk assessment on a national scale in future. Using a hydrological-hydraulic 
model cascade, potential flash flood areas has been mapped on the basis of a 2D-hydrodynamic raster model. The 
resulting inundation depths and flow velocities show potentially flooded areas for different rainfall intensities. A 
detailed risk analysis conducts the major “blue spots” restricting functionalities on the trunk road system. The derived 
maps contribute significantly to the development of adaptation strategies to protect the federal trunk road network 
against local flooding caused by heavy rainfall events. 

1 Introduction 
Considering the predicted climate change, impacts on 

extreme events show that an increase of heavy flash flood 
events in Central Europe is expected (DWD 2016). In the 
last few years destructive flash flood events in Germany 
(e.g. Braunsbach in Baden-Württemberg 2016, Dortmund 
in North Rhine-Westphalia 2008, Wadern in Saarland 
2016) showed the large impacts and consequences that 
come along with such events. 

In this regard, potential impacts on German traffic and 
infrastructure are anticipated, in particular on the trunk 
road system. Therefore, the need of integrating risk 
evaluation into regional planning processes rises and 
critical infrastructure should have a high priority in 
regional and spatial planning (agl Hartz ∙ Saad ∙ Wendl et 
al. 2020). 

The BMVI (Federal Ministry of Transport and Digital 
Infrastructure) Network of Experts identified this need 
already in 2017 and initiated the project “Adapting 
transport and infrastructure to climate change and extreme 
weather events”, launching a number of projects 
investigating different impacts on traffic and 
infrastructure. One of the initiated projects conducted in 
close cooperation to the Federal Highway Research 
Institute (BASt) is called “Local analysis and mapping of 
potential flood areas in the federal highway network of 
North Rhine-Westphalia as a result of heavy rainfall events 
(Blue-Spot-Analysis)”. 

The term ‘blue-spot-analysis’ has been introduced by 
the Danish Road Directorate (DRI) (Larsen et al. 2010a, b) 
and originally implies a GIS based approach to identify 
road stretches that have relatively high likelihood of 
flooding and potential impact on the transportation 
network. The approach identifies depressions in the 
topography with a GIS based approach based on the 
Digital Elevation Model (DEM) as main input.  

The project presented in this paper expands the 
approach of the DRI, adopting the blue spot definition and 
enlarging the method away from a GIS based examination 
of topographic conditions towards a more complex 
approach taking hydrologic and hydraulic factors limiting 
water availability and flow paths giving a more precise 
picture of blue spots into account. 

1.1 Flash flood hazard and risk assessment on 
local scale 

There are numerous approaches to identify flash flood 
hazards and risks, most of them confining on a rather small 
study area. The majority of the studies investigate smaller 
catchments, taking into consideration that flash flood 
events in Europe are mainly triggered by local scaled storm 
fronts not covering large areas. 

Some federal states (e. g. Baden-Württemberg, 
Bayern, North Rhine-Westphalia) have already published 
guidelines how to examine heavy rainfall and partially also 
fund risk management processes for local authorities in 
order to improve prevention and adaption measures. Based 
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on hydrologic and hydraulic modelling detailed inundation 
depths for concrete scenarios are developed, often on a 
high spatial resolution. During the process field work and 
expert knowledge of local experts are often involved 
which is of great importance for reliable and validated 
results. 

1.2 The challenge of modelling on a national scale 

Local studies often contain stretches of highways or 
national roads; however, the available procedures are not 
applicable for a large-scaled approach. Local and small-
scaled examinations and mapping activities would be too 
intense concerning employment of resources (time, 
manpower, data volume etc.). 

To approach a large-scaled procedure, first a 
reasonable aggregation of spatial resolution of the data is 
recommended. Secondly, processes should be automated 
as far as possible. This can be achieved by the development 
of a toolset, that is executing the main operations of data 
processing. Therefore, the aim of this project is to build up 
a toolbox that can cope with aggregation of large spatial 
data sets without losing too much information, and being 
able to process the data through the essential working steps 
towards a broad flash flood risk assessment for the German 
federal trunk road network, resulting in federal state wide 
hazard maps and the detailed assessment of potential risk 
for the trunk road system by identifying blue spots. 

As a first step, the study area North Rhine-Westphalia 
is chosen. A roll-out to other federal states is contemplated 
after the successful application to the first study area. 

2 Methods and Material 

The project was sectioned in three main working steps, 
from hydrologic modelling via hydraulic modelling 
towards a final risk analysis. Data processing in general 
and the development of a toolbox played a crucial role and 
was carried out along the development process.  

2.1 Study area & scenario selection 

The considered study area North Rhine-Westphalia is 
one of the most densely populated federal state of 
Germany. It lays in the west of Germany having both low 
lands and low mountainous regions. With a total 
population of 17.9 million inhabitants (Statistisches 
Bundesamt 2019), it also has one of the highest density of 
trunk road network in Germany with 215 m/km². In total 
there are 2’290 km of highways and 5’054 km of national 
roads on a total area of 34’112 km² (BASt 2019, 
Statistisches Bundesamt 2019). 

In the past there were several flash flood events 
recorded in North Rhine-Westphalia, also affecting the 
local trunk road system heavily. In the project a detailed 
search of flash flood records was done in order to validate 
results of the hydraulic modelling and risk analysis. Some 
of the recorded events came with rainfall amounts that 
exceeded actual extreme statistics, e.g. Münster, NRW in 
year 2014 with 245 mm/2h (DWD 2016). 

To cover both more frequent and extreme events three 
scenarios of rainfall intensity were selected: a 50 mm/h 
(corresponding to a mean one-in-100-year event defined 
by the DWD for North Rhine-Westphalia), an 80 mm/h 
and a 110 mm/h event with a duration of one hour with 
final stress. Final stress means that the peak precipitation 
intensity lays in the last quarter of 60 min. 

In addition, North Rhine-Westphalia follows an 
exemplary open data policy, therefore all required input 
data sets could be accessed free via GEOportal.NRW 
(Land NRW 2019).  

Figure 2: Study area of North Rhine-Westphalia 
(©OpenStreetMap contributors, BASt 2019) 

Figure 1: Schematic workflow 
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2.2 Modelling Hydrology 

For modelling hydrology input a time variant 
calculation of runoff coefficients was used. The 
calculation was done by using the hydrologic model 
HydroRAS (geomer 2018). The determining parameters are 
soil, land use and slope, which are combined in a three-
dimensional matrix that is similar to the approach of the 
regionalisation process of Lutz (1984). The integrated and 
simplified infiltration model is based on the physical two-
step model of erratic humidity face according to Dyck & 
Peschke (1995). The required soil-physical parameters for 
the defined kinds of soil according to the pedological 
mapping instruction KA5 (AD-HOC-AG BODEN 2005) 
are extracted from the Mualem van Genuchten parameters 
(Renger et al. 2008).  

The hydrologic model output raster datasets with 
runoff coefficients for every five-minute time-steps. The 
mean runoff coefficients for the scenario of 80 mm/h 
rainfall are shown exemplarily in Figure 3. These runoff 
coefficients function at the same time as input for the 
hydraulic model. 

 

 
Figure 3: Mean runoff coefficients for the scenario of 80 mm/h 
rainfall 

2.3 Hydraulic Simulation  

For the hydraulic simulation a raster based 2D model 
named FloodAreaHPC11 was used (geomer 2017). The 
hydrodynamic model relies on an extended approach 
based on the hydraulic formula of Manning-Strickler and 
is able to cope with large areas with high resolution data 
within an acceptable and realistic time frame. HPC is the 
abbreviation for High Performance Computing and 
reflects the ability of the model to distribute the calculated 
area to different cores and is therefore able to increase 
calculation performance significantly. There is no fixed 
limit of the maximum number of cells, however a 
maximum of 1 billion cells is recommended due to 
working memory limitations.  

The study area was expediently divided into three main 
areas, using the main rivers Rhine and Lippe as a border 
expanded by a water divide. This helped to reduce the 
number of cells to a processable. The DEM was 
furthermore aggregated to a spatial resolution of 5 m cell 
size. The number of active cells per area subsequently 
ranges from 338 million to 872 million for the three areas. 
This conducted into calculation times between 3 and 11 

days for the hydraulic modelling (depending on the 
selected scenario and the size of the area). 

Following raster datasets (GeoTIFF) are needed as 
input for the hydraulic model FloodAreaHPC11: time 
variant runoff coefficients (resulting from the hydrologic 
model described in chapter 2.2), a DEM and surface 
roughness. Information about the position and dimension 
of culverts can be integrated into the model by a text file 
concluding start and end coordinates as well as discharge 
volume. 

The aggregation of the DEM from 1 m resolution to 
5 m resolution represents the main working step of data 
processing. In the hydraulic model, shifting cell size from 
1 m to 5 m reduces the calculation time by a factor of about 
125 and thus radically increases performance and 
computing time. At the same time a loss of information is 
due to resampling is not avoidable. To keep the loss as 
small as possible, a self-developed method named 
‘hydroresampling’ was exerted. Hydroresampling uses 
different thematic aggregation levels (Figure 4): The 
original DEM is aggregated via the resampling method 
‘mean’. It is overwritten by the ‘minimum’ height along 
streams and rivers to maintain channel structures that 
would be lessened otherwise beyond recognition. To avoid 
putting down streets and railways that parallel streams 
closely, the transportation network is again placed above 
by mean values. Then again, the intersection of 
transportation and stream network – which is normally 
handled by culverts or bridges in reality – is set as a 
continuous passage, respectively the DEM is cut through. 
This ensures a continuous flow of water and hinders 
backwater effects lowering flood hazards to trunk roads. 
Since the national trunk road system (unlike normal roads 
or railways) needs to be considered as realistic as possible, 
areas of national trunk roads are reintegrated via mean 
value. Streams crossing national trunk roads are 
considered via culverts (see next section). 

The hydroresampling takes a lot of effort due to the 
consideration of the different linear structures like streams 
and different types of roads, as well as bridges and 
culverts. However, comparing a resampled DEM via 
‘mean’ and a DEM via hydroresampling shows a clear 
amendment and enhancement of relevant structures, 
advantageously representing hydrodynamic flow paths.  

Figure 4: Systematic of hydroresampling: mosaicking 
differently aggregated categories depending on highest priority 
in order to maintain hydraulic relevant structures and keeping 
the focus on trunk roads 
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 Culverts representing crossings of channels under 
trunk roads are included by an automatism since mapping 
a whole federal state is not feasible. There are three data 
sources of information for contemplated culverts: 
information in a point shapefile provided by BASt, 
intersection of river network and transportation network 
and passages under bridges. This information was 
converted into a compatible format automatically and 
included into the hydraulic model. The automatism 
process consists of a Python script. It analyses the 
topography and identifies the presumably input and output 
location as well as the flow direction: by using a buffer 
around the documented location, the area is divided by the 
centre line of the street and finding the intake and output 
location as deepest pixel in the DEM as shown in the 
schematic Figure 5.  

 

 
Figure 5: Schematic procedure on locating culvert lines from a 
point information: buffering, clipping out road surface and 
identifying deepest ground point on each side of the road 
resulting in a target-oriented line representing the culvert. 
 

As a last step of DEM processing bridges were 
considered severally. Through an analysis of topography 
two main types of bridges were identified: curved bridges 
not being considered as possible flow path since water is 
assumed to not overcome the bridge and bridges with a 
continuous slope, possibly acting as a ‘ramp’ and offering 
a possible flow path along the street. The automatic 
classification of bridges retrieves the chance to make 
allowance to flow paths along the roadway, in order to 
include height information of bridges out of the DSM 
(Digital Surface Model). 

Last but not least surface roughness is conducted from 
land use information. Values display an average 
vegetational condition and cannot be referred to a 
particular season or cultivation method and are already 
validated in several flash flood simulations (deduced from 
roughness ranges recommended especially for pluvial 
flood models by Regierungspräsidium Tübingen (2019).  
 

Table 1 : Roughness values used for hydraulic modelling 
(extract) 
land use roughness kst [m1/3/s] 
wood 3 
forest 4 
railroad network 10 
gardens 15 
residential building area 
grasslands 
orchards 

20 

agriculture 25 
mixed area 
surface mining / pit  
sport and leisure facilities 

30 

industrial area 35 
water courses / water bodies 50 
road network 80 

 

2.4 Risk Analysis  

Risk analysis in the case of trunk roads being affected 
by flash flood events is diverse. The classic approach, 
defining risk as a product of hazard and damage is not 
applicable since damage is not easily definable. The 
functionality of roads as transportation ways plays an 
important role as well as the safety of passengers.  

Within risk analysis the following dimensions were 
identified (Figure 6): hazard intensity, exposure with 
regard to recurrence interval of occurrence and relevance 
of the infrastructure in terms of an evaluation of traffic 
statistics. 
 

 
Figure 6: The three dimension of risk analysis concerning blue 
spots on German trunk roads 
 
For hazard intensity classification the following results of 
the hydraulic simulations were evaluated: Maximum flood 
depth and flow velocities were extracted, as well as 
information about the trend of filling (increasing, 
stationary or decreasing water level). In order to draw the 
outline of ‘blue spots’ a minimum water depth of 0.1 m 
(LUBW et al. 2019 recommends this value as restricting 
traffic due to the lack of visibility of ground) and a min. 
area of 100 m² was chosen (corresponds to a min. of four 
raster cells with 5 m×5 m) in order to eliminate 
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uncertainties due to inaccuracies in DEM and model 
results. Blue spots were analysed and grouped into three 
hazard intensity levels.  

Generally, it can be distinguished between different 
mechanisms of instability of vehicles (Ball et al. 2019): 
aquaplaning, sliding and floating. Since aquaplaning 
already occurs with shallow water linked with high speed 
of vehicles, it is not explicitly related to heavy rainfall 
events and therefore no closer consideration has been done 
in this study. Shand et al. 2011 defines sliding instability 
with the horizontal force exerted on vehicle(s) greater than 
vertical restoring force “which is dependent on vehicle 
mass, buoyancy and the friction which exists between the 
car tyres and road surface”. In contrast floating instability 
means a dominant upward force exerted due to buoyancy 
exceeding the downward directed force exerted by vehicle 
mass (Shand et al. 2011). Both mechanisms are the main 
issues limiting and endangering traffic. A broad overview 
on studies investigating thresholds concerning vehicle 
instability due to flooding is given by Martínez-Gomariz 
et al. (2018) and Bocanegra, Vallés-Morán & Francés 
(2019), both studies are revealing the lack of universally 

valid values. Since thresholds are dependent on vehicle 
mass and characteristics, Shand et al. (2011) recommends 
a vehicle dependent classification and proposes limits for 
stagnant inundations between 0.3-0.5 m and an equation of 
stability (inundation depth × flow velocity) resulting in a 
factor of 0.3-0.6 defining stability criteria.  
In this study three main classes were defined: moderate 
hazard intensity, high hazard intensity and very high 
hazard intensity (on basis on recommend threshold values 
by Shand et al. 2011, LUBW 2019, Ball et al. 2019). 
Inundation depth and flow velocity thresholds can be 
found in Table 2. 

Hazard intensity classes were applied to all blue spots 
touching the road surface for all three rainfall scenarios. 
Exposure is therefore extracted by an analysis of which 
rainfall intensity evokes the occurrence of a high or very 
high hazard intensity. This allows conclusions on the 
probability of the arising blue spots. 
Relevance of infrastructure is diverse and has many 
dimensions. In this study relevance was approached by 
bringing traffic statistics together with information about 
hazard intensity and exposure. Daily traffic volume (on 

Table 2 : Hazard classification based on thresholds of inundation depth and flow velocity 

  inundation depth [m] 
  ≥0.10 - <0.3 ≥0.3 - <0.5 ≥0.5 

flow 
velocity 

[m/s] 

<0.5 moderate hazard intensity high hazard intensity very high hazard intensity 
≥0.5 - <1 moderate hazard intensity high hazard intensity very high hazard intensity 
≥1 - <2 high hazard intensity very high hazard intensity very high hazard intensity 

≥2 very high hazard intensity very high hazard intensity very high hazard intensity 
     

Figure 7: An example showing the effects of including culverts (DEM provided by Geobasis NRW 2019) 
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weekdays) is divided into quartiles and grouped into 
classes of low traffic volume, medium traffic volume, high 
traffic volume and very high traffic volume.  

4. Results & Discussion  

Outcomes of the study are the main results in terms of 
hazard maps covering the federal state of North Rhine-
Westphalia as well as a detailed analysis showing the 
potential risk of the German trunk road system towards 
flooding induced by heavy rainfall events. The data will be 
provided in Esri shapefile format. Data is available in 
adequate format and resolution and can serve as a basis for 
further investigations for adaptation or mitigation 
measures.  

Main errors can be identified due to inaccuracy of input 
data, that become apparent when it comes to accuracy of 
position. Especially regarding road network, position of 
culvers or bridges or DEM and DSM, artefacts and 
positional inaccuracy can be observed and have clear 
effects (see Figure 7). Since processing steps interact and 
succeed, one must be aware of errors propagating, bringing 
some implications that could not be avoided. 

Especially in the case of culverts the project showed 
again the essential need on good data management and the 
high influence of 3D structures to hydraulic processes 
which can complicate the modelling. 

The elaborated examination of the four subregions 
including field work and a higher spatial resolution (1 m) 
showed very good results and proved a high quality of 
comparable coarse modelling with 5 m resolution. 
Collected recorded pictures and reports about flash floods 
were compiled and used for validation. They showed a 
well agreement of model results and documented critical 
road sections both in modelling and risk analysis. 

The developed risk analysis approach showed the 
diverse possibilities on hazard threshold levels in 
literature. Still there is much space for interpretation, very 
much depending on the field of application. Results of risk 
analysis can be used to assess potential flood risk on trunk 
roads, using the information for developing measures for 
prevention and adaption to flood situations. Data delivers 
all necessary parameters and can be easily adjusted 
concerning thresholds to diverse demands of different 
fields of applications. Furthermore, a network analysis can 
be proposed for further refinement of the identification of 
relevance in the face of the length of detours that needs to 
be taken when roads are closed.  

5. Conclusion  

Overall the presented method is working well. Results 
of the hydraulic modelling have been successfully 
validated by evaluating documented past events. 
Furthermore, the modelling of selected subregions with 
higher resolution plus using field work for validating 
automatisms of culverts and model results showed a good 
consistency of results.  

So far, the approach shows a unique methodology to 
identify blue spots with consideration of hydraulic flow 
paths, trying to find a good balance between effort 

(concerning time, manpower and computing power), data 
handling (data aggregation and accuracy) and results that 
are as reasonable, reliable and as exact as possible.  

Further development of the approach is highly 
recommended especially within the scope of improving 
input data quality as well as adapting automatisms towards 
higher accuracy. In addition, further development of risk 
analysis is recommended, in particular to take into account 
more dimensions of risk. Application of the approach to 
other areas or federal states is possible whereas different 
data availability, also concerning format and data 
management, will challenge the presented methodology. 
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