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A B S T R A C T   

The development of early warning systems (EWSs) is a key element for the effective mitigation of flash flood 
impacts. Emergency managers and other end-users increasingly recognise the benefit of tools that automatically 
translate the forecasted flash flood hazard (e.g. expressed in terms of peak discharge or return period) into the 
expected socio-economic impacts (e.g. the affected population). While previous studies aimed at forecasting flash 
flood impacts at local or regional scales, this paper presents a simple approach for estimating in real time the 
flash flood impacts at pan-European scale. The proposed method – named ReAFFINE – is designed to be inte-
grated into an EWS for end-users operating over large spatial domains (e.g. across regions or countries). 
ReAFFINE uses the pan-European flash flood hazard estimates from the ERICHA system to retrieve the potentially 
flooded areas from the national flood maps (generated in the framework of the EU Floods Directive). By 
combining the potentially flooded areas with socio-economic exposure information, ReAFFINE estimates in real 
time the exposed population and critical infrastructures. For two catastrophic flash flood events affecting Europe 
in recent years, ReAFFINE has demonstrated the capability to identify impacts over large spatial scales. Also at 
sub-regional level, the method has mostly been able to locate the areas and municipalities where the most 
important impacts occurred. The results also show that the performance is sensitive to the quality of the rainfall 
estimates that drive the hazard estimation, and to the comprehensiveness of the employed flood maps.   

1. Introduction 

Flash floods (FFs hereafter) are one of the most devastating natural 
hazards in Europe, causing numerous casualties (Barredo, 2007; Pet-
rucci et al., 2019; Terti et al., 2017) and tremendous economic losses 
(EEA, 2010; Gaume et al., 2009; Munich Re, 2017; Paprotny et al., 
2018). This type of flooding is characterized by intense downpours in 
small to medium-sized, often mountainous catchments, leading to a 
short response time between the rainfall and the discharge peak in the 
stream network (in the range of minutes to a few hours). The sudden 
event onset often hinders a timely flood response (e.g. in form of evac-
uations or road closures) and is the main reason for the high socio- 
economic impacts caused by FFs (EEA, 2010; Sene, 2013; Spitalar 
et al., 2014). Early warning systems (EWSs) aim to extend the time span 
available for applying flood response measures and are therefore 
considered to bear the highest potential for effectively reducing FF im-
pacts (EEA, 2010). 

The Sendai Framework for Disaster Risk Reduction (UNISDR, 2015a) 
demands a leap in the development and availability of EWSs by 2030. 

Many countries already dispose of FF EWSs that translate (observed and 
forecasted) rainfall into the expected response in the stream network (i. 
e. the FF hazard). Real-time and operational examples were demon-
strated, for instance, in areas in the United States (Clark et al., 2014; 
Georgakakos, 2006), Switzerland (Liechti et al., 2013; Zappa et al., 
2008), Spain (Corral et al., 2009; Versini et al., 2014), France (Javelle 
et al., 2010, 2016), and Italy (Corral et al., 2019; Laiolo et al., 2014; 
Silvestro et al., 2011); for reviews including more examples, see Alfieri 
et al. (2012, 2019), Gourley et al. (2014), Hapuarachchi et al. (2011), or 
Li et al. (2018). At European scale, two systems have been delivering for 
several years FF hazard forecasts to end-users across the continent: ERIC 
(European Runoff Index based on Climatology; Alfieri and Thielen, 
2015; Raynaud et al., 2015) and ERICHA (European Rainfall-InduCed 
Hazard Assessment; Park et al., 2017, 2019). Both systems compute 
their warnings by comparing (observed and forecasted) basin- 
aggregated rainfall to thresholds derived from climatology. ERICHA 
uses fixed rainfall thresholds, whereas ERIC dynamically updates the 
thresholds in function of the current catchment conditions (e.g. soil 
moisture). The two systems are complementary: While ERIC uses 
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numerical weather prediction (NWP) precipitation forecasts as input to 
assess the FF hazard for the coming five days, the ERICHA system gen-
erates high-resolution (1 km and 15 min) warnings for the next few 
hours using radar-based rainfall observations and nowcasts. 

The systems mentioned above predict the hazard component of FFs 
(expressed e.g. in terms of the peak discharge or return period in the 
stream network). To estimate the potential impacts of a forecasted FF, it 
is necessary to combine the hazard forecasts with socio-economic 
exposure and vulnerability information (e.g. the locations of settle-
ments or critical infrastructures). In the current practice, emergency 
managers usually do this combination non-automatically and based on 
personal experience, which is time-consuming and results in subjective 
decisions (Merz et al., 2020; WMO, 2015). Tools that automatically 
translate the hazard forecasts into the expected impacts can speed up the 
decision process and reduce subjectivity, ultimately leading to an 
improved flood response (Taylor et al., 2018; UNISDR, 2015b). 

Prior efforts to automatically forecast FF impacts showed promising 
results. The existing approaches forecast the impacts in terms of quali-
tative FF severity levels (Calianno et al., 2013; Saint-Martin et al., 2016), 
the number of inundated properties (Le Bihan et al., 2017), effects on the 
road network (Versini et al., 2010; Vincendon et al., 2016), flooded 
critical infrastructures (Ritter et al., 2020), and affected population and 
direct economic losses (Ritter et al., 2020; Silvestro et al., 2019). These 
methods require exposure and vulnerability datasets in very high reso-
lution; as a reference, Ritter et al. (2020) used a resolution of 25 m over 
the region of Catalonia (Northeast Spain). The real-time application of 
such high-resolution approaches over larger areas is computationally 
challenging, which is the main reason why they have been limited to 
local or regional domains. To today, a method that forecasts FF impacts 
over large domains (e.g. across regions or countries) does not exist, but it 
would be beneficial in two ways: Firstly, it would extend the coverage of 
FF impact forecasts to areas where no such decision support is available 
yet (e.g. many European countries). Secondly, it would offer a more 
transboundary perspective on potential FF impacts, which can be useful 
for end-users operating on the international level, such as transboundary 
river catchment authorities or the Emergency Response Coordination 
Centre (ERCC) of the European Union (Emerton et al., 2016; Merz et al., 
2020; Thielen et al., 2009; Ward et al., 2015). The European Flood 
Awareness System (EFAS) already includes a forecast of the impacts of 
fluvial floods in European catchments larger than 500 km2 (the Rapid 
Risk Assessment; Dottori et al., 2017). Complementing this system with 
a method detecting the impacts of FFs in the smaller basins across 
Europe would significantly extend the available decision support. 

In this work, we build on the FF impact forecasting method ReAF-
FIRM (Real-time Assessment of Flash Flood Impacts – a Regional high- 
resolution Method; Ritter et al., 2020) and we propose an approach 
that is applicable at European scale, named ReAFFINE (Real-time 
Assessment of Flash Flood Impacts at paN-European scale). The pro-
posed method estimates the potential FF impacts across Europe by 
complementing hazard simulations from the ERICHA system with 
components that account for the socio-economic exposure of the areas at 
risk. ReAFFINE integrates a variety of datasets available throughout the 
EU (e.g. flood maps or population density maps), which enables a ho-
mogeneous impact estimation across borders. The method is adapted to 
real-time conditions and designed to be integrated into an EWS with 
pan-European coverage. 

The following section 2 provides a detailed description of ReAFFINE, 
its individual components, and how it has been applied using the 
available datasets. In section 3, the method is demonstrated on two 
recent FF events that caused numerous fatalities and widespread eco-
nomic losses, and the resulting impact estimates are compared to post- 
event observations from various information sources. Finally, in sec-
tion 4, we draw some general conclusions and point towards potential 
future developments. 

2. The ReAFFINE method 

The objective of this study is to enhance the decision support during 
FFs for end-users operating over large spatial scales. We propose the 
method ReAFFINE, which estimates in real time the socio-economic 
impacts of FFs across Europe. This is achieved through the application 
of three modules (Fig. 1):  

1. The hazard module assesses the FF hazard in real time. For this 
purpose, we have chosen the ERICHA system (section 2.1) that 
simulates the FF hazard level along a gridded drainage network over 
Europe based on radar rainfall observations.  

2. The flood map module (section 2.2) transforms the FF hazard levels 
in the drainage network into hazard levels in the floodplains. In 
ReAFFINE, this is done based on the national flood maps generated 
by the Member States through the implementation of the European 
Floods Directive (European Commission, 2007).  

3. The impact assessment module (section 2.3) translates the hazard 
levels in the floodplains into socio-economic impacts. In ReAFFINE, 
the impacts are assessed in terms of potentially affected population 
and critical infrastructures in the floodplains, based on pan- 
European exposure information. 

The following subsections describe the details of the three modules of 
ReAFFINE, outlining the individual steps of the method and the neces-
sary preprocessing of the employed datasets. An overview of the spatial 
and temporal resolutions used by the ReAFFINE components is provided 
in Table 1. In practice, the chain of ReAFFINE modules is triggered every 
15 min; i.e. every time new rainfall inputs become available (Fig. 1). On 
a standard server, the overall computing time from the OPERA radar 
composites to the impact outputs amounts to about 90 s (Table 1). A 
such short latency does not significantly delay the transmission of the 
outputs to the end-user and thus the emergency response. 

2.1. Flash flood hazard estimation: The ERICHA system at European 
scale 

For estimating the FF hazard, we have employed the ERICHA system 
(Corral et al., 2019; Park et al., 2017, 2019), which was implemented in 
real time at European scale in the framework of the eponymous research 
project ERICHA (www.crahi.upc.edu/ericha/). Since 2017, the ERICHA 
FF hazard nowcasts have been displayed on the online platform of the 
European Flood Awareness System (www.efas.eu/en/flash-flood-in-
dicators), where they have been used for operational decision support by 
water agencies and emergency services operating at regional, national, 
and international level. 

The ERICHA system generates FF hazard nowcasts for European 
streams with drainage areas of 5–2 000 km2. The main dynamic input 
for the ERICHA system consists of real-time radar rainfall composites 
from OPERA (Operational Program for the Exchange of weather RAdar 
information; www.eumetnet.eu/opera). These composites provide pre-
cipitation estimates covering all of Europe in high-resolution (2 km, 15 
min). From these rainfall estimates, the ERICHA system calculates the 
basin-aggregated rainfall amounts over a gridded drainage network in 1 
km resolution. To determine the FF hazard, the basin-aggregated rainfall 
amounts are compared to basin-aggregated intensity-duration thresh-
olds adapted from those used by the EUMETNET project Meteoalarm 
(www.meteoalarm.eu). The result is the estimated hazard level in the 
drainage network in colour code yellow-orange-red (representing low- 
medium-high hazard levels; see Fig. 2a for an example). 

2.2. Flood map module 

The goal of the flood map module is to identify in real time the 
potentially flooded areas. To achieve this, a connection is created be-
tween the FF hazard levels (generated by the ERICHA system; 
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section 2.1) and the national flood maps produced in the framework of 
the EU Floods Directive (European Commission, 2007). Following the 
regional approach of Ritter et al. (2020), this connection is established 
based on the minimum distance between the ERICHA drainage network 
cells and the inundated areas in the flood maps: Each floodplain section 
is assigned to the nearest ERICHA drainage network cell. 

When operating at European scale, however, a few adjustments are 
necessary: The flood maps of the Member States were created using a 
variety of hydraulic modelling approaches (for an overview, see Euro-
pean Commission, 2015a). Not only the modelling approaches but also 
the specifications of the flood maps vary considerably across the EU 
(Alfieri et al., 2014; Dottori et al., 2021). For instance, there are no 
common guidelines regarding the return periods modelled by the 
Member States (De Moel et al., 2009; European Commission, 2015b; 
Priest et al., 2016). Even within countries, the chosen return periods can 
vary between regions (e.g. in Germany, where the federal states are 
responsible for creating the maps). To achieve a certain homogeneity 
across Europe, we have used in each location the flood map of the 
highest available return period (e.g. in Spain the map of T = 500 years; 
see Fig. 2b) as a proxy of the maximum possible flood extent, hereafter 
referred to as “the floodplain”. To make use of the high-resolution in-
formation contained in the floodplain maps, we have chosen to pre-
process the maps as follows: 

First, the floodplain geometries have been rasterised to a grid of 25 m 
resolution, as also done by the regional high-resolution method of Ritter 

et al. (2020). This gridded high-resolution floodplain is used for pre-
processing the exposure layers (details follow in section 2.3). Then, the 
gridded high-resolution floodplain has been upscaled to 1 km resolution. 
The 1-km cells containing floodplains are hereafter referred to as 
“floodplain cells” (see Fig. 2b) and are used in the real-time calculations. 
To establish the link between the floodplains and the ERICHA drainage 
network, each floodplain cell has been assigned (by minimum distance) 
to the nearest ERICHA drainage network cell(s). Fig. 2a–c illustrates how 
the flood map module uses this assignment in real-time operation: If the 
ERICHA system identifies a FF hazard in a drainage network cell 
(Fig. 2a), the hazard level is automatically transmitted to all the flood-
plain cells assigned to this drainage network cell. The result is a map 
showing hazard levels in the potentially affected floodplains (Fig. 2c). 

2.3. Impact assessment module 

The aim of the impact assessment module is to estimate the socio- 
economic FF impacts in real time. For this purpose, it combines the 
hazard levels in the floodplains (generated by the flood map module; 
section 2.2) with information on socio-economic exposure. In ReAF-
FINE, impacts are estimated in terms of the potentially affected popu-
lation (section 2.3.1) and critical infrastructures (section 2.3.2). To 
provide the end-user with a situational overview of the areas with the 
highest potential impacts, ReAFFINE also summarises the simulation 
results at the level of administrative regions (section 2.3.3). 

Fig. 1. Concept of the ReAFFINE method.  

Table 1 
Spatial and temporal resolutions of the ReAFFINE components and their latency for the time step displayed in Fig. 2 and Fig. 4.  

Component  Spatial resolution Execution time step Latency in real-time operation   

Offline preprocessing Real-time operation   

OPERA radar rainfall estimation  n/a 2 km 15 min < 1 s 
ERICHA FF hazard module  n/a 1 km 15 min 73 s 
Flood map module  25 m 1 km 15 min 7 s 
Impact assessment module Population 25 m 1 km 15 min 10 s  

Critical infrastructures 25 m 1 km    
Regional summary n/a NUTS 2 or 3    
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2.3.1. Impact on population 
This component of the impact assessment module estimates in real 

time the impact on the population by counting the population poten-
tially exposed to the hazard levels in the floodplain (generated by the 
flood map module; section 2.2). As a base for this step, we have used the 
population density map of Freire et al. (2016), covering all of Europe in 
100 m resolution. For the application in ReAFFINE, the original dataset 
has been preprocessed offline as follows: 

First, the resolution of the dataset has been increased to 25 m using 
nearest-neighbour interpolation. Then, population density values 
outside the floodplains have been removed, using the gridded high- 
resolution floodplain map described in section 2.2. Finally, the 25 m 
cells have been upscaled to 1 km resolution to match the grid of the 
floodplain cells. This process of downscaling-cropping-upscaling allows 
to determine offline in high resolution the population potentially 
exposed to flooding in each floodplain cell, before aggregating this in-
formation to a resolution that is suitable for real-time simulations at 
European scale. 

In real-time operation, ReAFFINE uses the preprocessed population 
exposure map to estimate the impact on the population. In addition to 
counting the population potentially exposed to FF hazard (more detail 
follows in section 2.3.3), the potential impact the on population is also 
mapped in real time. This is done by means of an impact matrix (Fig. 3) 
that combines in each 1 km cell the three floodplain hazard levels 
(Fig. 2c) with three population exposure classes: low (1–99 people / 
km2), medium (100–999 people / km2), and high (1 000 and more 

people / km2); these thresholds are arbitrary and have been manually 
adjusted. The result of applying the impact matrix is a map showing in 
each 1 km cell the population impact in terms of three qualitative impact 
levels (low-medium-high; see Fig. 2d for an example). 

Fig. 2. Examples of the ReAFFINE inputs and outputs (13 September 2019 05:00 UTC) in the area around Los Alcazares (Southeast Spain; see the dashed box in 
Fig. 4). a) ERICHA FF hazard in the drainage network, b) Spanish flood map (T = 500 years) and corresponding floodplain cells employed by the flood map module, 
c) Floodplain hazard simulated by the flood map module, and d) Population impact simulated by the impact assessment module. 

Fig. 3. Impact matrix that qualitatively estimates the FF impact on population 
by combining in each floodplain cell the hazard level with the population 
exposure class. 
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2.3.2. Impact on critical infrastructures (CIs) 
ReAFFINE estimates the FF impact on critical infrastructures (CIs) by 

counting in real time the CIs potentially exposed to the hazard levels in 
the floodplains. This is done based on a CI dataset extracted from 
OpenStreetMaps in the frame of the project “Global Exposure Data for 
Risk Assessment” (Giovando et al., 2020). In ReAFFINE, we have 
included education facilities (EF), health facilities (HF), and mass- 
gathering sites (MG), and it is planned to add other CI types that will 
become available soon with European coverage (e.g. roads and 
railways). 

Each of the three CI layers has been preprocessed offline in high 
resolution: First, only the CIs inside the gridded high-resolution flood-
plains (see section 2.2) have been kept in the inventory to maintain only 
the CIs potentially exposed to flooding. Then, the numbers and types of 
CIs have been counted in each 1-km floodplain cell. In real-time oper-
ation, ReAFFINE retrieves the numbers and types of CIs in all floodplain 
cells where the flood map module (section 2.2) identified a floodplain 
hazard. The result is a list of the exposed CIs in each floodplain cell. 

2.3.3. Regional impact summary 
When monitoring the real-time impact estimates at large spatial 

scales, it can be difficult and time-consuming for the end-user to identify 
the areas with the highest potential impacts. To assist in this task, 
ReAFFINE summarises the simulated impacts (described in sec-
tions 2.3.1 and 2.3.2) for each time step at the level of administrative 
regions. To ensure a homogeneous region size across country borders, 
we have used the combination of NUTS 2 (e.g. in Germany) and NUTS 3 
regions (e.g. in Spain) proposed by Dottori et al. (2017) for the impact 
aggregation. As illustrated in Table 2, ReAFFINE summarises for each 
region the following information:  

i) the overall exposed population (i.e. the sum of people potentially 
affected by any of the three floodplain hazard levels),  

ii) totals of exposed population and CIs, listed separately for each of 
the three floodplain hazard levels, and  

iii) the regional impact level, which is assigned as the maximum 
floodplain hazard level affecting population or CIs. 

In the impact summary (Table 2), the regions are sorted in 
descending order of overall exposed population amounts (point i of the 
above list) to direct the attention of the end-user towards the regions 
with the highest numbers of potentially affected people. To complement 
the impact summary, the regional impacts are also mapped (Fig. 4): The 
regions are coloured according to the maximum floodplain hazard level 
affecting the population or CIs (point iii of the above list). This is done to 
also highlight high hazard levels that affect only small amounts of 
population or CIs since the localised nature of FFs can pose a potentially 
fatal risk to a very limited area. 

3. Results 

We have applied ReAFFINE to two FF events of recent years that 

caused numerous fatalities and billions of Euros in economic losses: The 
Elvira storm in Central Europe in spring 2016 and a cut-off low (DANA) 
in Spain in autumn 2019. In this section, we demonstrate the perfor-
mance of ReAFFINE for these two events in Germany and Spain, using 
the national flood maps of these two countries (BfG, 2020; IGN, 2020). 

The simulated FF impacts presented in this section have been 
generated by running ReAFFINE on rainfall observations (rather than 
forecasts). This has been done to minimise external uncertainties and 
focus on the method’s capabilities and limitations of translating FF 
hazards into impacts. 

To evaluate the performance of the method, the simulation results 
have been compared with the impacts reported by civil protection au-
thorities, insurance companies, news agencies, and social media. Such 
flood impact observations are inherently subject to high uncertainties (e. 
g. Brouwer et al., 2017; Ritter et al., 2020) and they typically contain 
impacts not only from FFs but also from other flood types that ReAFFINE 
is not designed to detect. This impedes a fully fair quantitative com-
parison between the simulated and the reported impacts, and therefore 
the results in this study have been evaluated mostly from a qualitative 
point of view. 

While inspecting the ReAFFINE outputs in the following subsections, 
it is necessary to keep in mind that the primary objective of the method 
is to estimate FF impacts from a large-scale perspective (across regions 
or countries). The detection of more accurate impact locations and 
magnitudes is the aim of the regional high-resolution approaches 
mentioned in section 1. 

Table 2 
Example of the quantitative impact summary at a specific time step during a FF event (13 September 2019 05:00 UTC; corresponding to the situation in Fig. 2 and 
Fig. 4). The CIs are abbreviated as education facilities (EF), health facilities (HF), and mass-gathering sites (MG).  

Region (country) Population exposed Population exposed to CIs exposed to Regional impact 

High hazard Med. hazard Low hazard High hazard Med. hazard Low hazard 

Murcia (ES) 55 862 74 46 385 9 403  6 EF, 6 HF, 7 MG 2 HF high 
Almeria (ES) 4 916 0 1 461 3 455    med. 
Jaen (ES) 258 0 258 0    med. 
Albacete (ES) 126 0 20 106    med. 
Cordoba (ES) 361 0 0 361    low 
Alicante (ES) 167 0 0 167    low 
Granada (ES) 97 0 0 97    low  

Fig. 4. Example of the regional impact summary map at a specific time step 
during a FF event (13 September 2019 05:00 UTC; corresponding to the situ-
ation in Table 2 and Fig. 2). 

J. Ritter et al.                                                                                                                                                                                                                                    



Journal of Hydrology 603 (2021) 127022

6

3.1. Event 1: The low-pressure system Elvira in Central Europe in 2016 

From the end of May to early June 2016, the stationary low-pressure 
system Elvira induced large rainfall amounts across Central Europe. The 
most significant impacts occurred in Germany and France. While in 
France mostly large rivers overflowed their banks (e.g. the Seine in 
Paris), the situation in Germany was characterised by numerous slow- 
moving and fast-evolving convective cells that caused severe FFs and 
pluvial floods across the country (Piper et al., 2016). According to 
Munich Re (2017), the overall economic damages in Germany amounted 
to 2.6 billion Euros and a total of ten people lost their lives due to the 
floods. The most devastating FFs occurred on 29 May in the village of 
Braunsbach in the Stuttgart region (Bronstert et al., 2018; Bronstert 
et al., 2017) and on 01 June in Simbach am Inn (Niederbayern) where 
five people died (LfU, 2016; TUM, 2017). 

Fig. 5 shows the accumulated precipitation for the most intense 
period of the Elvira storm in Germany (29 May – 03 June 2016). It can be 
seen that the real-time adjusted OPERA radar rainfall (using the method 
of Park et al., 2019) corresponds reasonably well to the rainfall accu-
mulations measured by the SYNOP raingauges (WMO, 2016). 

The real-time adjusted radar rainfall maps (2 km and 15 min reso-
lution) have been used as input for ReAFFINE. Over the entire duration 
of the event, this resulted in the simulated impacts summarised in 
Table 3 and Fig. 6a. ReAFFINE detected impacts in 35 of the 38 German 
NUTS 2 regions (i.e. all except Berlin, Hamburg, and Schleswig- 
Holstein). The regions with the most severe simulated impacts corre-
spond reasonably well to those of the reported impacts (Table 3 and 
Fig. 6): In the 20 regions with the highest simulated impacts, impacts 
were also reported in reality, either by the European Severe Weather 
Database (ESWD; www.eswd.eu), or through the Tweets collected by 
Global Flood Monitor (www.globalfloodmonitor.org; de Bruijn et al., 
2018, 2019). Among the overall 38 German regions, we have identified 
31 with both simulated and reported impacts, 4 with simulated but no 
reported impacts, and 2 with reported but no simulated impacts. 

In some regions, the magnitudes of the simulated impacts do not 
correspond very well to the magnitude of the reported impacts. For 
instance, the amounts of exposed population seem to be overestimated 
in the regions of Dusseldorf (609 704), Koln (186 201), and Darmstadt 
(133 399; Table 3). This is due to the Rhine River passing through these 
regions with an extremely wide floodplain (up to 25 km in the Dussel-
dorf region): A significant share of the Rhine’s floodplain is assigned to 
several small tributaries – rather than to the Rhine itself – since 

ReAFFINE’s flood map module operates based on the minimum distance 
between floodplains and assigned streams (as explained in section 2.2). 
In some of these tributaries, the ERICHA system estimated low to me-
dium FF hazard, resulting in widespread floodplain hazard levels and 
thus overestimated impacts in these three regions. 

With an exposed population of almost 194 000, the region of Stutt-
gart has been correctly identified as one of the most severely impacted 
by the storm (Table 3). However, ReAFFINE did not detect any popu-
lation exposed to high hazard in this region. This does not seem to be in 
line with the three fatalities (Table 3) and the FF in the village of 
Braunsbach with a return period “clearly above 100 years” (Bronstert 
et al., 2018). The reason for the underestimation of the impact magni-
tude in the Stuttgart region is that the radar did not fully capture the 
extreme rainfall intensities in the small convective cells: For instance, in 
the small catchment upstream of Braunsbach (6 km2), the real-time 
adjusted radar (Fig. 5a) estimated rainfall accumulations of 46–54 mm 
in 24 h (29 September 08:00 UTC – 30 September 08:00 UTC), whereas 
Bronstert et al. (2018) reconstructed a value of 135–153 mm for an 
almost identical time period. Due to the underestimated rainfall in-
tensities, the ERICHA FF hazard did not exceed the medium level in 
Braunsbach, and thus ReAFFINE did not detect any population exposed 
to a high hazard. 

In three locations in Germany, ReAFFINE identified populations 
exposed to high hazard levels (Table 3 and Fig. 6a): In the town of 
Ilmenau (Thuringen) that suffered severe flash floods (Deutsche Welle, 
2016), ReAFFINE estimated 1 061 people exposed to high hazard 
(Table 3). Furthermore, 348 people exposed to high hazard were iden-
tified in the village of Obernzenn (Mittelfranken; Table 3) that also 
experienced severe flooding (Nürnberger Presse, 2016). Lastly, also in 
Niederbayern, which was the most affected region with seven fatalities 
and economic losses of around 1.25 billion Euros (LfU, 2016), ReAFFINE 
identified population exposed to high hazard (Table 3). 

To add more quantitative components to the evaluation, we have 
also analysed the results at the level of the 401 districts in Germany 
(NUTS 3 regions; Table 4). For reference, we have considered that im-
pacts occurred in those districts with either Tweets or ESWD reports. In 
29.4 % of the German districts, impacts were both simulated and re-
ported, whereas false alarms affected 48.6 % of the districts; i.e. impacts 
were simulated (in many cases with weak signals) but no Tweets or 
ESWD reports were issued in those districts (Table 4). Finally, impacts 
were missed in 4 % of the districts. These results translate to a high 
probability of detection of POD = 0.89 and a critical success index of CSI 

Fig. 5. Real-time adjusted OPERA radar 
rainfall (R) and SYNOP raingauge accumu-
lations (G) in Germany for the most severe 
period of the Elvira storm (29 May – 03 June 
2016): a) Map of precipitation amounts 
(raingauges are shown as circles), and b) 
Comparison of the real-time adjusted OPERA 
radar rainfall estimates to the accumulations 
measured by the collocated SYNOP rain-
gauges. The quality scores in panel b repre-
sent the root-mean-square error (RMSE), the 
mean bias, the Pearson correlation, and the 
ratio of overall radar and raingauge accu-
mulations (R/G).   
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= 0.36. The relatively low CSI is the consequence of the high number of 
false alarms, which are partly due to the inherent incompleteness of 
impact observations, especially in areas that experienced only minor 
impacts (for an impression of the high uncertainties in the impact 
datasets, see the discrepancies between the ESWD reports and the 
Tweets in Figs. 6b and 7). 

To evaluate the simulation results at even smaller spatial scales, we 
take a closer look at the most severely affected region of Niederbayern. 
As a reference for the simulated impacts, we have used the impact ob-
servations from Twitter and the European Severe Weather Database 
(previously shown in Fig. 6b), and additionally the regional flood ob-
servations from the Bavarian Environment Agency (LfU, 2016). The 
ERICHA system simulated widespread FF hazard in the drainage 
network across Niederbayern (Fig. 7a). The FF hazard signals appear in 
most of the locations with impact evidences from ESWD, LfU, or Tweets. 
On the other hand, also large areas without reported impacts show FF 
hazard (e.g. the rural north-eastern part of the region). In the town of 
Simbach am Inn, which suffered unprecedented flooding with five fa-
talities (LfU, 2016; TUM, 2017), the ERICHA FF hazard in the Simbach 
stream (30 km2) did not exceed the medium level (Fig. 7a). The un-
derestimation of the hazard in this location is due to a breach of a road 
embankment upstream of the town (LfU, 2016; TUM, 2017), which 
significantly increased the real flood magnitude in Simbach am Inn. 

Based on the ERICHA FF hazard in the drainage network (Fig. 7a), 
the flood map module (section 2.2) estimated the hazard levels in the 
floodplains shown in Fig. 7b. Floodplain hazard signals are present in 
many of the reported impact locations, especially in the most severely 
affected areas such as Simbach am Inn (Fig. 7b). Furthermore, wide-
spread ERICHA FF hazard signals in areas where no significant impacts 
occurred (e.g. in the North-east of the region; Fig. 7a) did not transform 
into floodplain hazard due to the lack of flood maps in these rural areas 
(Fig. 7b). On the other hand, also in some locations with reported im-
pacts, the flood map module did not transform the ERICHA FF hazard 
into floodplain hazard. This can occur for two reasons: In some loca-
tions, the responsible authorities did not create flood maps due to the 
low (however existing) socio-economic exposure of the areas near the 
streams; see for instance the disappearance of the high hazard level in 
the small stream (28 km2) near the village of Rattenberg in Fig. 7. In 
other locations (e.g. in Herrngiersdorf; Fig. 7), the reported impacts 
were not caused by FFs, but by surface runoff outside the floodplains 
(pluvial flooding; LfU, 2016). 

To summarise the results of the Elvira storm: the impact estimates 
from a large-scale perspective corresponded relatively well to the 
observed regional impacts (Fig. 6). At sub-regional scale, the underlying 
uncertainty sources of the method became more apparent (e.g. the ac-
curacy of the rainfall estimates or the coverage of the flood maps). 

Table 3 
Simulated and reported impacts of the Elvira event (29 May − 03 June 2016; corresponding to Fig. 6). In total, ReAFFINE identified impacts in 35 regions; the 20 
regions with the highest amounts of exposed population are listed here.  

REGION SIMULATED IMPACTS REPORTED IMPACTS 

Population 
exposed 

Population exposed to CIs exposed to Regional 
impact  

High 
hazard 

Med. 
hazard 

Low 
hazard 

High 
hazard 

Med. 
hazard 

Low hazard  #Fatalities #ESWD 
reports 

#Tweets 

Dusseldorf 609 704 0 24 423 585 281  4 EF, 4 HF, 
7 MG 

204 EF, 74 
HF, 101 MG 

med.  19 117 

Stuttgart 193 692 0 75 298 118 394  40 EF, 18 
HF, 15 MG 

138 EF, 47 
HF, 23 MG 

med. 3 8 430 

Koln 186 201 0 20 609 165 592  3 EF, 6 HF, 
5 MG 

38 EF, 21 
HF, 20 MG 

med.  2 35 

Darmstadt 133 399 0 0 133 399   44 EF, 33 
HF, 25 MG 

low  18 16 

Oberbayern 118 702 0 17 994 100 708  1 EF, 4 HF, 
2 MG 

33 EF, 29 
HF, 18 MG 

med.   33 

Karlsruhe 102 844 0 11 718 91 126  8 HF, 7 MG 78 EF, 25 
HF, 15 MG 

med.  9 68 

Schwaben 85 818 0 21 847 63 971  6 EF, 1 HF, 
4 MG 

71 EF, 14 
HF, 18 MG 

med.  23 33 

Tubingen 84 604 0 22 681 61 923  18 EF, 5 
HF, 7 MG 

120 EF, 23 
HF, 12 MG 

med.  2 10 

Munster 84 245 0 13 459 70 786  17 EF, 3 
HF, 1 MG 

23 EF, 15 
HF, 26 MG 

med.  1 17 

Niederbayern 76 972 67 8 751 68 154  9 EF, 6 MG 36 EF, 24 
HF, 14 MG 

high 7 26 1 650 

Sachsen- 
Anhalt 

64 941 0 4 221 60 720  2 EF 10 EF, 10 
HF, 15 MG 

med.  5 3 

Thuringen 52 930 1 061 2 287 49 582 5 EF, 1 
HF 

4 EF, 1 HF 53 EF, 11 
HF, 7 MG 

high  4 18 

Arnsberg 32 547 0 0 32 547   23 EF, 8 HF, 
4 MG 

low   2 

Dresden 27 625 0 10 27 615   11 EF, 5 HF, 
2 MG 

med.  16 11 

Brandenburg 25 994 0 98 25 896   3 EF, 9 HF, 5 
MG 

med.  9  

Rheinhessen- 
Pfalz 

25 014 0 0 25 014   26 EF, 4 HF, 
7 MG 

low  2 7 

Koblenz 23 434 0 0 23 434   35 EF, 12 
HF, 1 MG 

low  23 43 

Mittelfranken 23 049 348 4 798 17 903  1 EF, 3 HF 12 EF, 14 
HF, 1 MG 

high  10 24 

Unterfranken 22 663 0 718 21 945   35 EF, 10 
HF, 8 MG 

med.  10 23 

Freiburg 19 868 0 82 19 786   3 EF, 2 HF, 
14 MG 

med.   3  
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Nevertheless, ReAFFINE succeeded to detect the regions of the most 
severe impacts (e.g. Niederbayern). Although the simulation results 
presented in this section have been aggregated over the full event 
duration, it should be noted that the timing of the simulated impacts in 
the most affected locations approximately coincided with the onsets of 
the floods. For instance, the medium hazard levels around Simbach am 
Inn appeared about 1 h before the first flooding in the town was reported 
(LfU, 2016). 

3.2. Event 2: The DANA event of 2019 in Spain 

In September 2019, a cut-off low – in Spain commonly known as 
DANA (Depresión Aislada en Niveles Altos; Martín León, 2003) – pro-
moted the development of long-lasting convective systems that affected 
large parts of the country. Along the south-eastern Mediterranean Coast, 
rainfall accumulations of up to 461 mm in 24 h caused numerous FFs 
and a severe river flood in the downstream part of the Segura catchment 
(see e.g. Biener Camacho and Prieto Cerdán, 2019; ERCCa, 2019; García 
et al., 2020). Seven people lost their lives, over 6 000 were evacuated 
(DGPCE, 2019), and the overall economic losses were estimated to 
exceed 2.2 billion Euros (AON, 2019). 

In contrast to the Elvira storm of spring 2016 (section 3.1), the ac-
curacy of the real-time adjusted OPERA radar rainfall for the DANA 
event was relatively low (Fig. 8a and b). The radar located in Murcia had 
a malfunction during an important period of the event, resulting in a 
significant underestimation of the rainfall amounts. To mitigate this 
underestimation for the analysis of this event, we have (a posteriori) 

applied the radar-raingauge-blending method of Velasco-Forero et al. 
(2009; also described by Cassiraga et al., 2020), using the hourly ob-
servations of the raingauge network of the Spanish State Meteorological 
Agency. The resulting improved rainfall accumulations are shown in 
Fig. 8c and d. 

Using the blended rainfall maps as input, ReAFFINE identified im-
pacts in 14 of the 48 Spanish NUTS 3 regions in the domain. The regions 
with the highest simulated impacts (Fig. 9a) correspond very well to 
those reported by the Spanish Insurance Compensation Consortium 
(CCS, 2020) and the Spanish Directorate-General for Civil Protection 
and Emergencies (DGPCE, 2019; Fig. 9b). This is confirmed by the 
quantitative comparison of simulated and reported impacts (Table 5): 
ReAFFINE correctly identified Murcia and Alicante as the most severely 
affected regions. In the region of Malaga, the relatively high simulated 
impacts are the result of a local rainfall overestimation caused by a 
systematic interference of the signal of the Almeria radar (visible in the 
accumulations in Fig. 8c and d). 

Of the overall 20 regions with insured losses greater than 10 thou-
sand Euros (Table 6), ReAFFINE identified impacts in 14, which corre-
sponds to a relatively high probability of detection of POD = 0.70. In 
combination with 0 false alarms, this resulted in a high critical success 
index of CSI = 0.70 (Table 6). 

Fig. 10 shows the part of Spain that was most severely affected by the 
DANA storm. The ERICHA system detected significant FF hazard in 
almost all of the impact locations documented by the Spanish Civil 
Protection, the media, or the Twitter crowdsourcing (Fig. 10a). More-
over, the red hazard levels appear mostly in the areas where the density 
of reported impacts is highest. 

In the great majority of the locations where the Civil Protection 
carried out rescues or evacuations, the flood map module expanded the 
hazard signals from the ERICHA system (Fig. 10a) into the floodplains 
(Fig. 10b). Furthermore, in many rural areas where no impacts occurred, 
hazard signals did not transform into floodplain hazard due to the lack of 
flood maps (e.g. in the North-east of the Alicante region). However, also 
in a few locations with reported impacts, FF hazard levels were not 
translated into floodplain hazard: For instance near the border between 
Alicante and Albacete, where two persons died on a flooded country 
road, the medium hazard level disappeared because no flood maps are 
available for the small rural stream (31 km2; Fig. 10). 

The impact assessment module combined the floodplain hazard 

Fig. 6. a) Simulated regional impact summary of the Elvira event (29 May – 03 June 2016). b) Reported impacts: Number of flood-related Tweets per region (www. 
globalfloodmonitor.org; de Bruijn et al., 2018, 2019) and the locations of fatalities and damages reported by the European Severe Weather Database (ESWD; www. 
eswd.eu). Panels a and b correspond to the quantitative impact information in Table 3. 

Table 4 
Contingency table of simulated and observed impacts in the 401 German dis-
tricts (NUTS 3 regions). “Impacts simulated” refers to the districts in which 
ReAFFINE identified population or CIs exposed to hazard levels. “Impacts 
observed” refers to the districts with Tweets or ESWD reports. The critical suc-
cess index calculated from the listed numbers is CSI = 0.36.    

Impacts observed    

YES NO ∑ 

Impacts simulated YES 118 195 313  
NO 15 78 93  
∑ 133 273 401  

J. Ritter et al.                                                                                                                                                                                                                                    

http://www.globalfloodmonitor.org
http://www.globalfloodmonitor.org
http://www.eswd.eu
http://www.eswd.eu


Journal of Hydrology 603 (2021) 127022

9

(Fig. 10b) with the population exposure, resulting in the population 
impact levels shown in Fig. 11. The locations with high population 
impact coincide very well with the areas where the Spanish Civil Pro-
tection reported the most important FF impacts (DGPCE, 2019): in the 
severely affected towns of Ontinyent (upstream catchment area 160 
km2), Mogente (862 km2), and Almansa (365 km2) in the North of 
Fig. 11, as well as in Los Alcazares (101 km2) and Torre-Pacheco (15 
km2) in the South. Along the Segura River, the impacts appear under-
estimated (judging from the density of flood observations). However, 
the impact processes in this area were strongly dominated by the 
exceptional fluvial flooding in the Segura River (affecting more than 
5 000 ha of the floodplain; ERCCb, 2019). ReAFFINE is not designed to 
detect the fluvial flood component originating from the Segura River 
since the ERICHA system assesses the FF hazard only in the catchments 
smaller than 2 000 km2 (whereas the drainage area of the Segura at the 
most severely affected location is about 15 000 km2). 

In summary, the performance of ReAFFINE for this DANA event is 
highly satisfactory. The regional impact estimates (Table 5 and Fig. 9) 
correlate exceptionally well with the reported impacts. Also at sub- 
regional scale, ReAFFINE accurately identified the areas where the 
most severe impacts were observed (Fig. 11). In addition, also the timing 
of the signals corresponded well with the flood occurrences (e.g. the 
time of the simulated impacts in Fig. 2d matched the approximate peak 
times of the floods in Los Alcazares and Torre-Pacheco). However, for 
the simulation of this event, the uncertainty in the rainfall inputs has 
been minimised (a posteriori). In real-time operation, impact estimates 
with lower accuracies should be expected due to the quality of the 
rainfall inputs. 

4. Conclusions 

This study introduces a novel method, named ReAFFINE, for 

Fig. 7. The region of Niederbayern (the dashed box in Fig. 6a indicates the shown area): a) maximum FF hazard estimated by the ERICHA system, and b) maximum 
floodplain hazard estimated by the flood map module (29 May – 03 June 2016). In the streams in and around Simbach, a total of 15 ESWD reports were recorded; 
some have been removed in this figure for the sake of clarity. 
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assessing flash flood impacts in real time at pan-European scale. Until 
now, real-time flash flood impact assessments were limited to local or 
regional applications (e.g. Le Bihan et al., 2017; Calianno et al., 2013; 
Ritter et al., 2020; Silvestro et al., 2019) due to the high computational 
cost of these high-resolution approaches. ReAFFINE addresses this 
challenge by operating in real time at lower resolution (1 km), while the 
required high-resolution information (25 m) is incorporated through 
offline preprocessing. The method is designed to be integrated into a 
pan-European flash flood early warning system (EWS) to provide oper-
ational decision support for emergency services and other end-users 
operating over large spatial domains (e.g. national or European civil 
protection mechanisms or transboundary catchment authorities). 

The method consists of three main elements: First, a hazard module 
(the ERICHA system; Corral et al., 2019; Park et al., 2017; Park et al., 
2019) transforms rainfall inputs into estimates of the flash flood hazard 

over a gridded drainage network covering all of Europe. Secondly, a 
flood map module uses the national flood maps created through the EU 
Floods Directive (European Commission, 2007) to expand the flash flood 
hazard into the floodplains. Lastly, an impact assessment module com-
bines the estimated hazard in the floodplains with socio-economic 
exposure information to identify the potentially affected population 
and critical infrastructures. The structure of the method allows for the 
integration of additional exposure and vulnerability layers. For instance, 
the dynamic population density maps from the ENACT project (Batista e 
Silva et al., 2017) or the HARCI-EU critical infrastructure grids (Batista e 
Silva et al., 2019) could be included to further enhance the impact 
estimation. 

ReAFFINE has been tested for two severe flash flood events affecting 
Europe in recent years. The capability of the method to identify impacts 
over large spatial scales has been demonstrated; the simulation results 

Fig. 8. Total rainfall accumulations in Spain (11–14 September 2019) from the real-time adjusted OPERA radar (a and b) and the radar-raingauge-blending (c). d) 
Performance of the radar-raingauge-blending using “leave-one-out” cross validation. The raingauge network of the Spanish State Meteorological Agency (AEMET) is 
illustrated by the circles in panels a and c. The quality scores in panels b and d represent the root-mean-square error (RMSE), the mean bias, the Pearson correlation, 
and the ratio of overall radar and raingauge accumulations (R/G). 
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generally corresponded well to the impacts reported by various valida-
tion sources. However, it has been found that a number of factors in-
fluence the performance of the method, some of them due to 
inaccuracies in the employed datasets (hereafter referred to as “un-
certainties”), others due to assumptions and methodological choices 
made by the components of ReAFFINE (hereafter referred to as 
“limitations”):  

• Rainfall inputs: The quality of the rainfall inputs is one of the most 
significant factors affecting the accuracy of the simulated flash flood 
impacts (confirming the findings of Ritter et al., 2020). Although 
being improved through the method of Park et al. (2019), the real- 
time OPERA radar rainfall remains subject to high uncertainties. 
These uncertainties can be mitigated by blending the radar rainfall 

Fig. 9. a) Regional summary of simulated impacts for the DANA storm (11–14 September 2019). b) Reported impacts from flood insurance data (CCS, 2020) and the 
Spanish Civil Protection (DGPCE, 2019). The quantitative impacts corresponding to this figure are listed in Table 5. 

Table 5 
Simulated and reported impacts for the DANA event (11–14 September 2019; corresponding to Fig. 9).  

REGION SIMULATED IMPACTS REPORTED IMPACTS 

Population 
exposed 

Population exposed to CIs exposed to Regional 
impact  

High 
hazard 

Med. 
hazard 

Low 
hazard 

High 
hazard 

Med. 
hazard 

Low 
hazard 

# 
Fatalities 

# 
Tweets 

Insured 
losses [M€] 

Murcia 182 900 1 860 129 258 51 782 1 HF 6 EF, 21 HF, 
17 MG 

4 EF, 8 HF, 
4 MG 

high  753 203.76 

Alicante 79 327 2 188 27 167 49 972  10 EF, 12 
HF, 7 MG 

2 EF, 15 
HF, 6 MG 

high 3 736 201.98 

Malaga 28 721 0 5 795 22 926  2 MG 1 EF, 1 HF, 
5 MG 

med.  15 5.09 

Valencia 25 429 1 443 19 357 4 629  2 EF, 4 HF, 2 
MG 

1 EF, 1 HF, 
1 MG 

high  199 9.69 

Almeria 18 861 0 3 817 15 044   1 EF med. 1 165 11.32 
Islas Bal. 4 391 0 0 4 391    low  14 0.28 
Albacete 4 071 2 555 490 1 026    high 2 89 2.44 
Granada 611 0 0 611    low 1 7 1.91 
Sevilla 594 0 0 594    low  8 0.13 
Jaen 509 0 258 251    med.  3 0.05 (<0.1) 
Cordoba 361 0 0 361    low  3 0.35 
Lleida 3 0 0 3    low  0 0.01 (<0.1) 
Castellon 3 0 0 3    low  4 0.03 (<0.1) 
Ciudad 

Real 
3 0 0 3    low  0 0.02 (<0.1) 

Madrid 0 0 0 0    none  44 0.65  

Table 6 
Contingency table of the simulated and observed impacts in the 48 Spanish 
provinces in the domain (NUTS 3 regions). “Impacts simulated” refers to the 
provinces in which ReAFFINE identified population or CIs exposed to hazard 
levels. “Impacts observed” refers to the provinces with insured losses greater 
than 10 thousand Euros. The critical success index calculated from the listed 
numbers is CSI = 0.70.    

Impacts observed    

YES NO ∑ 

Impacts simulated YES 14 0 14  
NO 6 28 34  
∑ 20 28 48  
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with raingauge observations (as done for the second event; sec-
tion 3.2). However, at European scale, this technique is not yet 
available in real time due to the hurdles described by Park et al. 
(2019). 

In this study, rainfall observations have been used as input to mini-
mise external uncertainties and focus on the translation of rainfall 
inputs into socio-economic impacts. For usage in operational con-
ditions, it would be beneficial to employ also rainfall forecasts as 
inputs (e.g. from radar nowcasting) to increase the anticipation time 
of the warnings. To quantify the benefits of using rainfall forecasts, it 
would be important to carry out a sensitivity analysis of the influence 
of this additional uncertainty source on the accuracy of the warnings.  

• ERICHA flash flood hazard estimation: Given a sufficiently high 
quality of the rainfall inputs, the ERICHA system appeared to provide 
reliable flash flood hazard estimates: Using the radar-raingauge- 
blending as rainfall input (as done in the second event; sec-
tion 3.2), the areas with the highest simulated hazard levels corre-
sponded well to the areas where the most severe flash floods 
occurred. In comparison, the hazard estimates in the first event 
(section 3.1) showed a lower accuracy, likely due to the higher un-
certainty in the rainfall inputs (compare the quality scores of the 
rainfall inputs in Figs. 5b and 8d). 
The purely rainfall-based hazard estimation not accounting for 
potentially important factors such as pre-event soil moisture can 
result in underestimated or overestimated hazards in wet or dry 
catchments, respectively. In the two analysed extreme events, this 
limitation has not been apparent, but it is expected to have a larger 
influence during events of lower magnitudes (see e.g. Corral et al., 
2019; Grillakis et al., 2016; Ritter et al., 2020).  

• Flood map module: The added value of applying the national flood 
maps for a refined hazard estimation is twofold: Firstly, it expands 
the hazard signals into the floodplains and thus enhances the iden-
tification of potentially affected areas. Secondly, the hazard signals 
are condensed to the parts of the stream network where flood maps 
are available, which are – by definition – the areas where the na-
tional authorities identified significant flood risks (European Com-
mission, 2007). The resulting hazard levels in the floodplains 
concentrate on the high-risk areas and are thus potentially easier to 
interpret for the end-user. However, in both analysed events, we 
have observed occasional gaps in the flood maps in streams that are 

Fig. 10. The south-eastern regions of Spain (the dashed box in Fig. 9a indicates the shown area): a) maximum FF hazard estimated by the ERICHA system, and b) 
maximum floodplain hazard estimated by the flood map module (11–14 September 2019). The reported impact locations have been obtained from the Spanish Civil 
Protection (DGPCE, 2019), the news articles compiled in CRAHI (2019), and from the Tweets collected by Global Flood Monitor (www.globalfloodmonitor.org; de 
Bruijn et al., 2018, 2019). 

Fig. 11. Maximum population impact over the full event duration (corre-
sponding to Fig. 10), simulated by the impact assessment module via the impact 
matrix (section 2.3.1). 
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small but do represent a significant risk (similarly as found by Ritter 
et al., 2020). In such streams, the application of the flood maps can 
lead to the removal of the hazard signal and thus in an underesti-
mation of the impacts. 
Near rivers with large floodplains (e.g. the Rhine and the Danube in 
the first event; section 3.1), the application of the flood maps can 
cause an overestimation of impacts: ReAFFINE assigns significant 
parts of the large floodplains to small tributaries, resulting in simu-
lated flash flood impacts where flood risks are mostly due to the large 
rivers. In the future, this limitation could be mitigated if the national 
authorities provide the flood extents separately for each stream (as 
already done e.g. in some basins in Spain; IGN, 2020), instead of 
merging the flooded areas from large rivers and their tributaries. A 
less effective but intermediate mitigation measure of this limitation 
could be to filter the simulation results of ReAFFINE by applying a 
mask of the large river floodplains (e.g. using the EFAS flood maps 
for rivers with catchment areas larger than 500 km2; Dottori et al., 
2021).  

• Impact assessment module: Combining the hazard levels in the 
floodplains with socio-economic exposure information enabled a 
quantitative estimation of the potentially affected population and 
critical infrastructures for each region. The magnitudes of these 
regional impact estimates mostly corresponded to those reported by 
various validation sources. At sub-regional level, the distributed 
population impact levels (resulting from the application of the 
impact matrix) mostly succeeded to point out the towns that suffered 
the most important impacts. For instance in the second event (sec-
tion 3.2), a high population impact was simulated for almost all of 
the towns where the Civil Protection carried out rescues or evacua-
tions due to flash floods (DGPCE, 2019). 

The presented results of the two flood events have illustrated some of 
the capabilities and limitations of the method. The results of the second 
event (section 3.2) have recently been compared to those obtained using 
a regional high-resolution method, and the results showed a high 
agreement (Ritter et al., 2021a). However, it would be important to test 
ReAFFINE also over a continuous time period (e.g. 1–2 years) and sys-
tematically evaluate the results (e.g. using contingency tables). A full 
evaluation would require testing the method in an operational setting 
and gathering feedback from the end-users regarding the usefulness of 
the method for operational decision-making. 

As illustrated by both of the analysed events, flood impacts are often 
the result of a combination of different flood types: In the first event 
(section 3.1), pluvial floods exacerbated the impacts induced by the 
flash floods, while in the second event (section 3.2), a coinciding fluvial 
flood in the Segura River was responsible for a significant share of the 
losses. For these so-called compound events (e.g. Zscheischler et al., 
2018; Zscheischler et al., 2020), the flood type-specific forecasting 
methods traditionally developed by the scientific community are unable 
to detect the overall impacts (Merz et al., 2020). The decision support for 
the end-users could be significantly improved by integrating different 
flood type-specific methods into an overall flood impact forecast. This 
idea has been explored in a separate study (Ritter et al., 2021b) that 
assessed the compound impacts of the second event (section 3.2), using 
a combination of two methods designed for flash floods (Ritter et al., 
2020) and river floods (Dottori et al., 2017). 

In a recently published comprehensive review on impact forecasting 
methods, Merz et al. (2020) concluded that “impact forecasting tends to 
be more context-specific than hazard forecasting. In some cases, first- 
order estimates providing order of magnitude statements might suffice 
to support rescue operations in the very aftermath of the disaster. In 
other cases, detailed and location-specific information about the ex-
pected impacts might be required to trigger specific emergency mea-
sures, such as evacuating a hospital”. While the existing regional flash 
flood impact forecasting methods may serve as decision support for 
location-specific emergency measures (even up to the detail of site- 

specific warnings; see Landaverde et al., 2020), ReAFFINE is capable 
of providing order-of-magnitude estimates from a large-scale perspec-
tive. This represents a significant complement to the existing decision 
support, in particular for end-users operating at larger spatial scales. 

ReAFFINE is ready for implementation in a pan-European EWS. In 
this study, the impact simulations in Germany and Spain have been 
analysed, but the prerequisites for applying the method are met 
throughout the EU: The ERICHA flash flood hazard system is already 
implemented in real time across Europe and the employed socio- 
economic exposure layers cover the entire continent. Including addi-
tional countries in ReAFFINE is relatively simple: Only the national 
flood maps are required for the preprocessing of the exposure layers (see 
section 2), and an increasing number of European countries share their 
flood maps on the INSPIRE platform (https://inspire.ec.europa.eu). 
Such initiatives for standardising and sharing data across borders pave 
the way towards future developments of forecasting solutions over large 
spatial scales. In the context of ReAFFINE, the harmonisation of his-
torical rainfall records and commonly defined return periods for the 
creation of the national flood maps would allow for further enhance-
ments of the method. For instance, it would enable fully quantitative 
real-time assessments of affected population, critical infrastructures, 
and economic losses across Europe. 
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