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Abstract: The 2021 flooding events in The Netherlands, Belgium and Germany have sensitized many
municipalities across Europe and especially in Germany, the federal states of North Rhine-Westphalia
(NRW) and Rhineland-Palatinate, having been particularly affected, have formulated more extensive
requirements for the municipalities to be able to manage these drastic situations. Flood risks and
heavy rainfall maps are crucial instruments in this context because they serve as a basis for identifying
risks and also for selecting suitable measures to minimize them and, in 2021, in Germany, the Federal
Agency for Cartography and Geodesy (BKG) made available for the first time a state-wide, cross-
municipal heavy rainfall information map for the state of North Rhine-Westphalia, in which heavy
rainfall and flooding risks are recognizable for every citizen. Therefore, municipalities that already
had their own heavy rainfall maps had a comparative possibility of plausibility checks, while those
that did not yet have their own heavy rainfall map, had the possibility to benefit from these resources.
Especially in this second scenario, the municipalities and the wastewater utilities need reliable
practical advice on how to classify the information from the maps regarding drainage consequences,
and this paper aims to fill this void, summarizing the experience of the 80 municipalities represented
in the KomNetAbwasser in dealing with heavy rainfall maps and discussing requirements for their
informative value. Furthermore, measures for risk minimization and their prioritization are also
proposed, focusing on risk identification, organizational tasks, action planning and implementation,
analysis of the hazard maps, risk assessment and the selection of emergency measures.

Keywords: urban flooding; flood risk; urban flash floods; heavy rainfall risk management

1. Introduction

In recent years, heavy rainfall events have caused, in many German cities, consider-
able damage to properties and, in some cases, even personal injuries to locals [1], and are
also affecting several other countries across the world due to the nature of their precipita-
tions, which are also characterized by small spatial extent and short duration, resulting in
unpredictable flash floods most of the time [2–4].

In the past, heavy precipitation in conjunction with low-pressure areas [5–7] has
already led to enormous losses that had to be absorbed by the insurance industry [8–10].

Until 2021, in Germany, Elvira and Friederike were the two storms that had created
the most damages according to the insurance industry [11]. However, these were clearly
exceeded by the extreme precipitation recorded with recent storm Bernd, which caused
heavy rainfall in eastern Belgium and western Germany between 13 and 18 July 2021
when, over a period of 24 h, these areas received as much rain as they usually do in a
month and, unfortunately, as a result of the flash flood, more than 220 people died [12].
According to estimates provided by the German insurance industry, more than 200,000
insured properties were affected and the total loss expenditure was predicted to be at least
€6.5 billion [12]. Thus, Bernd caused the largest natural disaster to date in connection with
extreme precipitation and once again this unfortunate event demonstrates the sensitivity
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of settlement areas to such heavy rainfall events. The precipitation initially led to urban
flash floods and the overflowing of smaller watercourses. As the duration of the event and
the rainfall continued, larger watercourses such as the Ahr, Emscher, Ruhr and Wupper
also overflowed their banks. Due to the large-scale, persistent heavy rainfall, orographic
conditions and saturated soils, this combination led to a potentiation of the damage effect.
To provide a clearer picture of the magnitude of the damages caused by Bernd, Table 1
shows an exemplary selection of the major heavy rainfall events and the associated claims
expenditure for the insurance industry in Germany. To enable a classification of the extent of
damage, other heavy rainfall events from the past are also shown in Table 1, and the results
displayed confirm the extent of the damage caused by Bernd. For further information,
please refer to [13,14].

Table 1. Number of properties damaged and insurance expenditure caused by recent heavy rainfall
events in Germany, according to [13,14].

Heavy Rain Event 4 Period Most Affected
Counties 3

Number of Properties
Damaged

Claims Expenditure
by Insurance

Companies (without
Motor Vehicle

Insurance) [Million
Euros].

Bernd (2021) 1 12 July–19 July 2021 Euskirchen and
Ahrweiler 200.000 6.500

Elvira II (2016) 2 29–30 May 2016 Landshut and
Rottal-Inn 18.000 415

Quintia/Renate/Susanne
(2014) 2 28 July–8 August 2014 Münster 32.000 240

Lucia/Michael (2014) 2 04 July–17 July 2014 Herne 11.000 70
Norbert (2013) 2 20 June 2013 Bonn 27.000 145
Rainer (2009) 2 24 June–3 July 2009 Herne 18.000 200

Hilal (2008) 2 29 May–2 June 2008 Mönchengladbach and
Zollernalbkreis 19.000 100

1 Forecast August 2021, taken from: [GDV, 2022]. https://www.gdv.de/resource/blob/74096/5dbe101b9c812
d99a9e374c06bebc613/grafik-2021-ist-das-data.pdf. 2 Information on the heavy rain event, affected districts,
number of property damages and damage expenditure taken from: [GDV, 2022]. Service part of the Natural
Hazards Report 2022. Online on the Internet: https://www.gdv.de/resource/blob/105836/117679ac1f31d229d8
6a1c424fe0aab8/download-serviceteil-naturgefahrenreport-2022-data.pdf. 3 with a view to the claim’s frequency
[ratio of the number of claims to the number of all-year contracts] and the claims average [ratio of the number of
claims expenditure to the number of claims [GDV, 2022]. 4 Information on the naming of high- and low-pressure
areas by the German Weather Service (DWD) at [DWD, 2020] https://www.dwd.de/DE/wetter/thema_des_
tages/2020/4/4.html (accessed on 1 March 2023)

Unfortunately, current climate change projections indicate a future increase in such
heavy rainfall events in terms of frequency and intensity [15–27]. An important link
between rising global temperatures and the increase in heavy rainfall events is the thermo-
dynamic Clausius-Clapeyron relationship [28–34]. According to the associated equation,
rising temperatures usually lead to a change in the water vapor absorption of the air. For
each degree of temperature increase, the air can absorb about seven percent more water
vapor. This development is favored by rising evaporation rates because of increasing
temperatures worldwide, therefore, the heavy rainfall events are predicted to increase in
the future.

Full protection against such events is not possible yet. Urban drainage and the
associated municipal flood protection are therefore somewhere between drainage comfort
and flood protection. The core task of urban drainage is to cope with frequent precipitation
events with return periods of 1 to 5 years [35–38]. Such precipitation events are regarded as
design rainfall for the sewage system, with the aim of ensuring that there is no overflow.
Thus the drainage comfort to be provided by the municipality has clear limits. This applies
to rain events with a low probability of occurrence or a large magnitude, which exceed
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the design specifications for drainage systems [39–43]. Special municipal flood prevention
is then necessary for such events and risk assessments are a crucial element of this flood
prevention because the primary goal is to limit the expected damage.

Flooding itself can be understood as a temporary inundation of land not normally
covered with water; however, there are multiple types of flooding. Fluvial flooding is
based on the existence of a body of water from which the flooding of the surrounding areas
(rivers) originates. The floods thus occur because of the outflow of the surface water body.
In large catchments, long-lasting precipitation evenly distributed in time and space leads
to pronounced flooding. However, especially in small catchments with an area of around
100 km2, heavy rainfall events can also lead to an interaction between surface runoff and
the flowing water. Adjacent areas can also be flooded for a brief time [44]. Pluvial flooding
is one of the most difficult to predict against and, for this scenario, precipitation-generated
surface runoff can be identified as the main cause. Heavy rainfall events lead to high water
levels and flow velocities at the surface due to their high precipitation intensities, small
spatial extent and high precipitation amounts. During heavy rainfall events, drainage
systems are usually at their hydraulic capacity limits, so that surface runoff can no longer
be drained or collected. Wild surface runoff is the result [45]. Overloading, overflow
and sewer-induced flooding occur if wastewater in a drainage system no longer flows
in the gravity flow but under pressure, but does not yet rise to the surface, which is also
considered as overloading. If the water level reaches or exceeds a certain reference level,
the condition of overflow is reached. The reference level can be selected between the
sewer apex and the ground surface, and at the same time correspond to the backwater
level of the municipal drainage statutes. As a rule, the ground level of the manhole cover
is selected as the relevant reference level. If this level is exceeded, water will leak onto
the surface, especially onto the road surfaces. The curb of the road space can thus still
be used as a retention space. In this system state, no damage is caused by surface water
penetration into buildings. Furthermore, in the system state of flooding, surface runoff
is prevented from entering the sewer system or, equivalent to overflow, water escapes
at the surface. However, because of further exceedance of the reference level and of the
street space, surface infiltration into buildings is to be expected if no suitable protective
measures are in place [46]. In all the systems stated (overload, overflow, sewer-induced
flooding), damage can occur in the connected buildings below the reference level because
of backwater, provided there are no backwater protections in the private network.

Thus, to be able to counter the dangers from heavy rainfall events, it is first of funda-
mental importance to know their cause and characterize the basis for hazard prevention and
municipal heavy rainfall risk management, which is required worldwide [47–49], adopting
techniques such as early warning systems [50].

The hazards from heavy rainfall arise from the large surface runoffs previously men-
tioned and their interaction with the sewer network. Surface runoff and the resulting
flooding have two basic characteristics that can cause hazards: the depth of flooding and
the flow velocity. These properties are significantly influenced by the runoff-relevant
characteristics of the terrain, such as terrain slope, settlement and open space structures,
development type, the structures and the drainage system’s discharge capacity [51–54].

An overview of the potential hazards for human health as well as for infrastructures
and objects depending on flow velocity and flooding depths is provided in the following
Table 2. It is worth mentioning that the hazards due to heavy rainfall are not only induced
by the flow velocity or the flooding depths, but also by the combination of both.
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Table 2. Hazards due to flow velocity and water depths, according to [51].

Flow Velocity [m/s] Potential Hazards for Human Health Potential Dangers for Infrastructures and Objects

>0.2–0.5

• Danger when attempting to cross the
drainage stream for elderly,
mobility-impaired persons or children

• Failure of door seals due to increased pressure

>0.5–2.0

• Danger to human health when
attempting to cross the runoff stream,
regardless of the mobility of the
individual person

• Fracture of walls, due to combination of high
static as well as dynamic compressive forces

>2.0

• Danger to human health due to failure
of structural components

• Danger from solid materials carried
(cars, tree trunks, containers)

• Undercutting of structures and loss of
stability

• Failure of structural components due to high
dynamic compressive forces

• Failure of structural components due to
entrained solids

• Damage to the building fabric and loss of
stability due to undercutting

Flooding depths [cm]

5–10
• Doors in full basements cannot be

opened against the water pressure

• Flooding and water ingress through basement
windows at ground level and light wells of
basement windows

• Water ingress into lower-lying parts of the
building such as basement flats, (underground)
garages or underground entrances

10–50

• Danger of drowning despite low
water levels for (small) children

• Electric shock hazard due to domestic
installation

• High water levels in subways
• Water ingress also possible through higher

basement windows

50–100

• Danger from flotsam or invisible
bumps under the water surface

• Drowning risk for all population
groups

• Water ingress possible even with raised
entrances

• Danger to public infrastructure facilities, e.g.,
power supply or telecommunications

>100
• Danger to human health due to failure

of structural components

• Failure of structural components due to high
static compressive forces

• Failure of structural components due to
entrained solids

Absolute, complete protection against heavy rain and its consequences is not possi-
ble. The reduction of the potential damage and the risk of danger are therefore becoming
increasingly important to identify and enable targeted, suitable precautionary measures
across the world. During the last few years, the focus has been on technical protective
measures, however, purely technical options are being replaced by a holistic, integrative
heavy rainfall risk management [55–58]. This considers both technical, structural protective
measures for the drainage and retention of water, as well as suitable pre- and aftercare mea-
sures, and primarily takes place at the municipal level. The foundation of this communal
task is formed by the heavy rain hazard maps. The detailed representation gives all actors
involved the opportunity to protect themselves in the best conceivable way against the neg-
ative consequences of heavy rain, to reduce damage to buildings and infrastructures and
to save human lives. For prevention, knowledge of flood areas, flow paths and neuralgic
points in the settlement area is indispensable [59–61].
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Whereas in the past, in Germany, the heavy rain hazard maps were put out to tender
by the municipalities and published on their own responsibility; in 2021 there was a change
in the way the information was published. The Federal Agency for Cartography and
Geodesy (BKG) has published the Heavy Rain Hazard Information Map for the federal
state of North Rhine-Westphalia (NRW) as a whole, across all municipalities. North Rhine-
Westphalia is thus the first sub-region in Germany in which such a cross-municipal heavy
rainfall map has been published. Other federal states are to follow in the future, so that a
uniform Germany-wide heavy rain hazard map is created. Municipalities that do not yet
have their own heavy rain hazard maps are recommended to use the Heavy Rain Hazard
Information Map as a first valuable tool for flash-flood risk management and to use the
information it contains regarding flooding depths and flow velocities for hazard prevention.
On the other hand, municipalities that already have their own heavy rain hazard maps are
thus given a supplementary opportunity to check the plausibility of their own maps and
thus gain further insights into potential hazard areas in the urban area. Other important
sources of information for comprehensive information gathering can include municipal
general drainage plans, sewer network calculations and online map services. On-site
inspections can additionally check the accuracy of the results in the heavy rain hazard
maps [62,63]. Deviations between the simulation and the in-situ situation cannot be ruled
out, as the simulation only represents an image of reality and thus errors in the simulation
are unavoidable [64–67].

With the publication of the state-wide heavy rainfall map, however, the municipalities
are immediately confronted with new challenges. The municipal duty of precaution,
which the municipalities have towards the citizens, not only includes the precaution of
hazard prevention, but also the precaution of information. Only if citizens are aware of the
hazards can they take responsibility for their own private precautions against heavy rainfall.
Considering the German legislation, every person is obliged to this private precaution to a
reasonable extent. From this, in turn, a duty of information disclosure by the municipalities
can be concluded [68].

As a result of the publication of the heavy rainfall maps, the municipalities can expect
an increased need for consultation with other departments, committees, politicians and,
finally, the public. At the same time, the lack of specialized personnel is already leading to
an increased workload of the existing municipal staff with the daily tasks of urban drainage.
Therefore, there is no scope for measures in heavy rainfall risk management, which have
only a comparatively small effect in the short term because municipalities tend to optimize
the limited available human and financial resources for the momentary issues. To support
municipalities in this process, it is important to identify and initiate the first most urgent
measures after receiving or publishing the heavy rain hazard map.

Thus, to address this gap, this paper is therefore intended to provide an insight into
the first most urgent measures, to present a methodical procedure for analyzing existing
maps and to illustrate which methodology can be used to further narrow down the most
urgent measures in municipalities to their own needs and requirements, considering
individual criteria.

2. Materials and Methods

The following section explains the chosen methodological approach. The aim of this
procedure is to develop the necessary tools (list of measures, ranking methodology) so
that German municipalities can prioritize and rank the necessary immediate measures
(<100 days) based on the information that can be gathered for the heavy rain hazard maps.
In Germany, a 100-day timeframe is a typical political threshold in the public debate, up to
which sufficient action is expected at the latest and at which it is also checked in the public
debate whether sufficient action has been taken. Accordingly, this threshold was also used
by the network operators involved to categorize the measures.



Geosciences 2023, 13, 134 6 of 22

The ranking of these 100-day measures is to be independently conducted by the
municipality based on a multi-criteria evaluation. The methodological procedure is divided
into the following steps (Figure 1):
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finding the most urgent measures based on the overall catalogue from the corresponding literature.

- Development of the catalogue of measures (literature research).
- Prioritize measures (short-term measures recommendation) (100 days): Transfer the

catalogue of measures into a list of short-term (100 days), medium-term (<18 months) and
long-term measures in consultation with five selected wastewater utilities.

- Add degree of implementation to prioritization (implementation recommendation):
further subdivision of the short-term measures depending on the implementation status of
the five selected drainage system companies and listing of all measures with implementa-
tion status “high” (implementation recommendation).

- Confirm implementation recommendation: comparison with experiences from the
municipal network of drainage system companies KomNetAbwasser (a municipal initiative
of more than 80 wastewater utilities) through anonymized query (“mentimeter”) of the
degree of implementation in the context of a members’ online meeting. If necessary, the list
of measures is adjusted.

- Development of a ranking procedure: use of the AHP (analytic hierarchy process)
method to derive a time-based 100-day action plan from the list of short-term measures,
together with the five wastewater companies as well as the sample municipality of the
case study.

- Implementation/validation of all previous steps in a sample municipality and thus
develop a 100-day action plan for this case study.

2.1. Development of the Catalogue of Measures

The basis of all the following methodological steps is an extensive literature search
on measures for protection against heavy rain. The measures identified in the literature
are transformed into questions so that they can be answered later by the wastewater
companies. The questionnaire divides the measures into the following categories. Two
exemplary questions are presented for each category. The result is a catalogue of all possible
protective measures.

Organizational:

• Does a heavy rain hazard map exist?
• Are alarm and emergency plans in place in the event of heavy rainfall events?

Risk communication and public relations:

• Have heavy rain hazard or flash-flood risk maps been published?
• Is the map information passed on to other departments?

Risk:

• Have site visits been conducted to compare findings from the heavy rain hazard map
with local conditions?

• Have flow paths and sinks been identified?

Action planning and implementation:

• Have vulnerable localities, neuralgic points and critical infrastructures been prioritized?
• Do control lists exist for immediate measures to be taken when severe weather warn-

ings are received?
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River water:

• Are flood forecasting systems in place beyond the flash-flood risks?
• Are combined risk analyses for floods and heavy rain conducted?

Based on the response to these questions, it is possible to draw conclusions about the
corresponding measures that can be derived from it. In this way, a complete catalogue of
all measures is created.

Since the focus of this paper is on dealing with heavy rainfall, reference is also made
to previous work conducted on this topic [69]. Furthermore, this category is only to be
answered by the municipalities if flash-flood risks according to the European Flood Risk
Management Directive are present in the urban area.

2.2. Prioritize Measures

The overall catalogue developed in work-step 2.1 is then to be converted into so-
called “lists of measures” in consultation with five selected wastewater companies. In this
way, a total of three lists of measures are created, which classify all of the measures in
terms of time, considering the experiences of the employees. The catalogue of measures
is thus transferred into the lists of short-term, medium-term and long-term measures. If
the respective measure is to be put into practice or implemented within 100 days, this
corresponds to a “short-term” measure. Periods between 101 days and 18 months are
considered “medium-term”. If the measures require more than 18 months, this corresponds
to a “long-term” classification.

The aim is to strengthen the exchange of municipal experience. Municipalities that
are in the initial stages of heavy rainfall prevention should benefit from the experience of
the selected municipalities. Table 3 shows an overview of the municipalities participating
in the survey. To provide an initial orientation, the length of the sewer network and the
number of inhabitants are also shown. Furthermore, Table 3 also shows initial information
from the municipal case study, to which the findings will be applied later.

Table 3. Overview of the drainage system companies selected for the prioritization of measures.

Name of the Municipality Surveyed Sewer Network Length Population

Rheda-Wiedenbrück 400.00 km 48.672

Duisburg 1485.00 km 501.591

Emmerich 241.00 km 30.854

Schwerte 258.00 km 24.329

Bochum 1200.00 km 372.854

Municipal example approx. 100 km <20.000

The selected drainage system companies surveyed, Rheda-Wiedenbrück, Duisburg,
Emmerich, Schwerte and Bochum, are all members of the municipal network of the drainage
system companies [70]. The selected municipalities offer a broad spectrum in terms of both
sewer network length and the number of inhabitants. Thus, a wide range of experiences
from smaller municipalities, such as the city of Schwerte, as well as from large cities such
as Bochum, can be included. The drainage system companies surveyed have already
implemented various projects in the past and can look back on many years of experience
in dealing with heavy rain. For example, Rheda-Wiedenbrück has already participated
as a leading municipality in the research project: “Dealing with heavy rainfall events
in sewer operations” [71]. In Duisburg, the pilot project “Regenagentur Duisburg” was
initiated by bundling all competences of urban drainage, climate impact adaptation and
heavy rainfall management [72]. In the selection, Emmerich represents a municipality that
is affected by river floods, due to the short spatial distance to the Rhine, as well as by
heavy rain floods. Emmerich also participated in the research project [71]. Schwerte also
has many years of experience in dealing with heavy rainfall and runs extensive citizen
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information programmes. Bochum can be described as one of the leading municipalities in
climate impact adaptation in the Ruhr metropolitan region. In particular, the “sponge city”
principle is actively applied here.

2.3. Add Degree of Implementation to Prioritisation (Implementation Recommendation)

After a temporal classification has been made by the five drainage system companies in
the previous step, the short-term measures identified in this way are to be further prioritized
by the five selected drainage system companies depending on the implementation status.
For this purpose, the respective implementation status in these municipalities is considered.

If a measure is already being implemented in the municipality, this indicates its high
importance for dealing with the consequences of heavy rainfall. The short-term measures
identified in the previous section can thus be further differentiated in terms of their urgency
(degree of implementation). A further evaluation scheme is used for this purpose:

If the short-term measure is being implemented in one of the five municipalities or
has already been successfully implemented, it receives three points. If it has not been
implemented but is only classified as a short-term measure, it receives one point. If a
measure has been implemented in all five municipalities or municipal drainage companies,
the total number of points for this measure is 15. The measure then has the highest priority
for implementation.

The minimum score therefore corresponds to five points, i.e., the measure was only
classified in terms of time, but not implemented in any municipality. It thus has a low
priority within the short-term measures.

As a result, the ten short-term measures with the highest degree of implementation
are identified. For these, it is assumed that they are to be implemented with the highest
priority by a municipality after receiving the heavy rain hazard map. The scale classification
of short-term measures (<100 d), further prioritization considering the implementation
status in the surveyed five wastewater companies, included a category labelled as “high”
(15 points), one called “medium” (13–11 points) and a final one named “low” (9–5 points).

2.4. Confirm Implementation Recommendation

For the validation and classification of the entire catalogue of measures, as well as
the most urgent, short-term immediate measures developed after receipt of the heavy
rain hazard map, the experiences of the municipal network of wastewater companies
(KomNetAbwasser) were considered. The aim of this network is to support each other in
technical issues and in the operation of wastewater facilities. The participating municipali-
ties represent a total of over 6.7 million inhabitants. Furthermore, a total of about 30,000 km
of wastewater and stormwater sewers to be serviced belong to the area of responsibility
of these municipalities. To calculate these values, freely available information from the
websites of the respective municipal drainage companies was used. Missing information
regarding the sewer network lengths was determined by calculating the average length of
the sewer network per 1000 inhabitants (km per thousand inhabitants). This value is then
accordingly multiplied by the number of inhabitants of the participating municipality if no
information on the sewer network length is available.

The plausibility check (validation) of the results obtained is conducted within the
framework of the so-called “wastewater consultation hour”. The KomNetAbwasser consul-
tation hour serves to provide information, discussion and exchange of experience. Employ-
ees of the municipal drainage companies participating in the network are invited to attend
(online meetings). Invitations for the wastewater consultation hour are sent out weekly via
an e-mail distribution list. This distribution list contains the contacts of over 450 employees
from the municipal drainage companies. Participation in the wastewater consultation hour
is voluntary. In this case, employees from 19 different wastewater companies took part
in the survey. These participants expressed great interest in the topic and the need for
advice on dealing with heavy rainfall. Using the survey tool “Mentimeter” [73], there
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was a basic qualitative agreement between the most urgent measures, the implementation
recommendation and the experiences of the participants in the wastewater consultation.

The result of this process is a total of ten validated measures with a high priority.
According to the experience of the wastewater companies, these measures should be
implemented within 100 days.

2.5. Development of a Ranking Procedure

To be able to work out a 100-day action plan from these measures, a ranking procedure
is developed. For this purpose, criteria for decision-making were developed in a structured
discussion process both in the “wastewater consultation hour” and with the employees of
the municipal case study. Particularly in the municipal case study, the dialogue showed
that personnel capacities must be considered as a limiting factor for the implementation
of measures. As a result, the existing or deployed staff should be relieved of their current
tasks and responsibilities as little as possible.

The employees of the municipal case study and the interviewed wastewater compa-
nies, through the criteria “Additional Costs” and “Resource Commitment” for the ranking
procedure, are both aspects that are captured in the discussion processes with the par-
ticipants of the wastewater consultation. The AHP method [74] is then used for further
multi-criteria decision analysis. This decision-making process, referred to in the following
as AHP analysis, has advantages due to its suitability for use in political committees.

This multi-attribute decision model is based on the analysis and evaluation of existing
data and information. Based on defined criteria, decisions can be made through a multi-
criteria evaluation of alternatives [75].

The starting point is a defined goal, which is characterized by various criteria. In
the course of decision-making, alternative courses of action are evaluated because of their
individual criteria and, finally, a preferential alternative is identified by comparing them.
The main prerequisite for decision-making by means of AHP is that the decision-maker
has precise preferences regarding the benefit to be interpreted, the weighting and the
characteristics of the criteria. The classical AHP represents a theory for decision support
such as utility analysis. Particularly in poorly structured decision-making situations, the
AHP serves to hierarchically order and evaluate complex facts. Since the analysis of
the criteria under consideration is characterized by subjective feelings on the part of the
decision-maker, it is fundamentally not possible to represent the decision-making process
by means of a general closed mathematical model.

The procedure itself serves to support decision-making by structuring the facts. The
overarching goal of the AHP is to determine the optimal alternative course of action from a
multitude of possibilities. This is made possible for the decision-maker through the step-by-
step determination of a standardized utility value and the subsequent comparison of the
alternative courses of action. The entire analysis is conducted in one step, so that a rapid
solution can be found through the AHP analysis. Through the method, both qualitative
and quantitative information can be analyzed and combined for decision-making. For the
comparison of the decision alternatives, the nine-point rating scale according to (Saaty,
2001) can be used to weight the criteria and alternatives of the decision process. The rating
scale is shown in Table 4.

For further explanations, especially of the mathematical foundations of the Analytic
Hierarchy Process (AHP), reference can be made to [74–78].

For the AHP analysis in the municipal case study (see Section 4), the programme
“DEMUS—Decision Management for Underground Infrastructure” was used. This decision
tool was developed and programmed as part of the dissertation by [79]. The software
is based on the AHP analysis. DEMUS makes it possible to make a transparent and
comprehensible decision based on two successive steps. First, all criteria of the decision
problem and their relevance to each other must be determined. Then, the criteria are to be
evaluated regarding the alternatives. In addition to the evaluation scale already presented
according to [74] (cf. Table 4), it is also possible to use quantitative data. The same applies
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to risks of the decision problem. For further, more detailed explanations of the programme,
please refer to [79].

Table 4. Nine-point rating scale according to Saaty [74].

Definition Interpretation

1 Equal importance Two elements equally contribute to the objective

3 Moderate importance Experience and judgement slightly favor one
element over another.

5 Strong importance Experience and judgement strongly favor one
element over another.

7 Extraordinarily strong or
demonstrated importance

An element is favored very strongly over another; its
dominance demonstrated in practice.

9 Extreme importance The evidence favoring one element over another is
one of the highest possible order or affirmation.

2, 4, 6, 8 Intermediate values

2.6. Implementation/Validation

Finally, the results are applied in a municipal application example. Due to the confiden-
tiality agreement, however, the municipality cannot be named in more detail at this point.

For implementation, a selection of measures is made from the confirmed implementa-
tion recommendation, as not all measures can be immediately implemented due to limited
personnel and financial capacities. This selection is determined for the municipal case
study based on own preferences and is to be understood as a 100-day action plan for this
specific case study.

In addition, the first implementation steps will be further specified. An analysis of the
heavy rain hazard maps and a plausibility check of the map information will be conducted.
The analysis is based on freely available (open source) data sources. In particular, the
following sources should be highlighted at this point:

• Municipal heavy rain hazard map
• “Information Map” Heavy Rain Hazards NRW [80].
• Flood hazard map [81].
• Other open-source map services, especially Google Maps
• Web presence of the municipality in the case study
• ELWAS-Web (electronic water management network system for water management

administration in NRW) [82].

3. Results—Procedure Proposed
3.1. Catalogue of Measures with All Conceivable Measures (Literature)

The entire catalogue of measures to be implemented is based on an extensive literature
search [40–42,71,83] and the questionnaire prepared for the surveys of the wastewater
companies. The resulting measures can be differentiated into the following categories:

(a) Organizational matters such as:

• Preparation of the heavy rainfall risk map
• Application for funding for the heavy rain hazard and risk maps
• Preparation of individual risk profiles of the critical infrastructures
• Comparison of the emergency escape routes of the emergency services/fire brigade

with the heavy rain hazard map
• Preparation of alarm and deployment plans for heavy rainfall events
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(b) Risk communication and public relations such as:

• Publication of the heavy rain hazard or flash-flood risk maps
• Sharing map information with other departments
• Conducting “round tables” with municipal stakeholders
• Conducting an exchange of experience with the employees of the urban drainage

system who are deployed
• Strengthening the risk awareness of the affected population

(c) Risk such as:

• Examination of the heavy rain hazard maps regarding their plausibility
• Comparison of the heavy rain hazard maps with other maps (flood hazard maps,

historical maps, etc.)
• Conducting site visits to compare the heavy rain hazard maps with the local conditions
• Identification of flow paths and sinks
• Conducting operational hazard analyses, including the prioritization of structures

(d) Planning and implementation of measures such as:

• Preparation of protection concepts for endangered wastewater facilities
• Adaptation/testing of the precipitation water disposal concepts
• Identification of emergency waterways
• Ensuring the readiness for use of mobile equipment (e.g., pumps) and emergency

relief tools (e.g., sandbags, shut-off bladders)
• Regular drills on emergency operations and behavior during heavy rainfall

(e) Floods such as:

• Exchange/coordination with the responsible flood protection agencies
• Consideration of smaller water bodies that are not classified as flash-flood risk in

flood management
• Dissemination of information to citizens in flood areas that exceed the HQextrem
• Ongoing implementation of the measures in the municipal profile to improve

flood protection
• Conducting combined risk analyses for floods and heavy rainfall

The compilation of all possible measures identified within the existing literature shows
a wide range of options and tasks. Of great importance for municipal heavy rainfall risk
management or municipal flood prevention are especially those measures that are to be
initiated in the short term after receipt of the heavy rainfall hazard map.

3.2. Implementation Recommendation; Urgent, Short-Term Measures with High Priority

Based on the interviews conducted in five municipalities of the municipal network of
drainage system companies (Table 3) and on the basis of the results of the wastewater con-
sultation, the ten most urgent measures to be implemented within 100 days are listed below.
In the drainage system companies surveyed, these measures have a high implementation
status, and thus a high priority for the municipalities. Tables 5–7 show the implementation
recommendation with the ten most urgent measures, the medium measures and the low
priority measures, respectively, to be implemented after receipt of the heavy rain hazard
map based on the experience of the wastewater utilities.
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Table 5. Example implementation recommendation—high priority measures.

High Priority Measures

Done

• Publication of the map series, including information for the correct
use of the maps

• Sharing map information with other departments

• Clarification of responsibilities

• Exchange of experience with the deployed employees of the urban
drainage company

• Conducting a round table

• Comparison of the heavy rain hazard map with other maps

• Plausibility check of the information from the maps

• Coordination of the on-call service for the heavy rainfall event

• Ensuring the operational readiness of mobile equipment and
emergency relief tools (e.g., pumps, sandbags, etc.)

• Targeted follow-up of heavy rainfall events

Table 6. Example supplementary measures with medium priority.

Medium Priority Measures

Done

• Preparation of alarm and deployment plans

• Documentation of the monitoring tasks according to state law

• Provision of materials relating to heavy rainfall and flood
preparedness

• Adaptation of communication considering the different addressees

• Targeted strengthening of risk awareness in the citizenry

• Creation of a counselling service for citizens (e.g., on topics such as
property protection, backwater protection)

• Reminding citizens of their own duty of care

• Identification of flow paths and sinks

• Control of neuralgic points on the urban area after the arrival of a
weather warning

• Informing those responsible about precarious street drains

• Renewed examination of the development plans for flood safety

• Examination and adaptation of the precipitation water disposal
concepts

• Installation of own weather forecast instruments

• Exchange and coordination with the responsible flood protection
authorities

• Involving the local media in risk communication

• Inclusion of possible “sleeping waters” in risk assessments

• Integration of smaller water bodies into flood risk management

• Adapted security planning
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Table 7. Example supplementary measures with low priority.

Low Priority Measures

Done

• Application for funding

• Inter-municipal cooperation regarding flood prevention

• Targeted closure of subways (if any) and traffic areas in case of heavy
rainfall

• Provision of information from fluvial flood hazard and risk maps
• Development of emergency aid passports for equipment

3.3. Prioritisation Rule (AHP Algorithm)

In preparation for multi-criteria decision-making using AHP analysis, two criteria for
the decision-making process were initially identified in the wastewater consultation, in the
interviews with the wastewater companies and in discussions with the employees of the
municipal case study:

(1) Additional costs: these are costs that arise from the implementation of a measure from
the checklist and additionally burden the municipal budget. These can be external
costs, e.g., for engineering services, or internal costs, e.g., for the employment of
additional staff in the municipal administration or the municipal drainage company,
or for the purchase of new equipment.

(2) Commitment of existing human resources (resource commitment): this means the
effort that must be made by existing personnel. In small municipalities, this should
be kept low so that sufficient personnel resources remain for the other tasks of
urban drainage.

As these two criteria are quite general, they can be filled with further information
in municipalities and further adapted for the AHP process. However, as the number of
criteria and the number of decision alternatives increases, so does the number of pairwise
comparisons to be made.

4. Case Study

In the following, the measures to be implemented within 100 days are identified in a
municipal case study using the developed prioritization rule and an AHP analysis.

4.1. Situation

The municipal case study is in the western Münsterland, in the north-west of the
federal state of North Rhine-Westphalia. In terms of landscape, the area is characterized by
the so-called “Münsterländer Parklandschaft”, a comparatively flat terrain. This denotes
intensive agricultural use on small-parcel arable land interrupted by small woods and
rampart hedges [83,84] The municipality in the case study consists of two districts, each
representing the central settlement area, with both districts being about four kilometers
apart. Table 8 provides a brief tabular overview of selected characteristics of the municipal
case study.

Table 8. Overview of selected characteristics of the municipal case study.

State North Rhine-Westphalia
County Borken

Population <20.000
Area approx. 70 km2

Sewer network length approx. 100 km

In both districts, there is the risk that waters can lead to flooding on the settlement
area already from an HQ100, especially due to the short spatial distance between the flash
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flood risks and the built-up area. As a result of two heavy rainfall events in 2016, flooding
occurred in the entire urban area of the case study, both in the vicinity of the flash-flood risks
(fluvial flooding) and far away from them (flash-flood flooding). A spatial classification of
flash-flood risks and adjacent buildings is shown in the following example in Figure 2.
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In the municipality of the case study, protection against river floods is already a high
priority. With the development of a heavy rain hazard map, the risk management has also
begun. This heavy rain hazard map displays the heavy rain scenarios 2 and 3 according
to [85] for the area of the municipality (2: 42.5 mm in 1 h, 3: 90 mm in 1 h). Unlike the
state-wide heavy rain hazard map, however, information is only available on the flood
depths, but not on the flow velocities.

4.2. Selection of Measures of the Implementation Recommendation

Based on the implementation recommendation, the measures to be implemented in
the next 100 days were selected in cooperation with the municipal officials. The publication
of the maps to the citizens was classified as a measure that has already been implemented.
Further information on the correct handling of the maps can be found on the website of the
municipal drainage company.

In a discussion process with the stakeholders, the measures were further narrowed
down with a view to the total capacities available. Finally, of the ten priority measures
in the implementation recommendation, the following four measures (alternatives) were
selected as feasible within 100 days and stored for the AHP analysis (prioritization) using
the DEMUS software:

• Information for citizens
• Interdepartmental exchange
• Clarification of responsibilities
• Plausibility check of the map information

The criteria additional costs and resource commitment already presented in Section 3.3
were used as further prioritization criteria. These were assessed by the municipality’s staff
as shown in Table 9. In the case study, the criterion “additional costs” is more important
than the criterion “resource commitment”.

Table 9. Evaluation matrix for AHP analysis.

Resource Commitment 1 Additional Costs 1

Resource commitment 1 1 1/5
Additional costs 1 5 1

1 Evaluation by the employees of the urban drainage company, considering the nine-point rating scale.
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Taking this weighting into account, the evaluation of alternatives 1 to 4 is conducted
in the pair comparison (Table 10).

Table 10. Pairwise comparison of alternatives with regard to both evaluation criteria.

Pairwise Comparison of the Alternatives with Regard to the Criteria “Resource Commitment”

Information for
Citizens

Interdepartmental
Exchange

Clarification of
Responsibilities

Plausibility Check of
the Map Information

Information for
citizens 1 3 3 1/4

Interdepartmental
exchange 1/3 1 1 1/8

Clarification of
responsibilities 1/3 1 1 1/8

Plausibility check of
the map information 4 8 8 1

Pairwise comparison of the alternatives with regard to the criteria “Additional costs”

Information for
citizens

Interdepartmental
exchange

Clarification of
responsibilities

Plausibility check of
the map information

Information for
citizens 1 1/5 3 1/9

Interdepartmental
exchange 5 1 4 1/7

Clarification of
responsibilities 1/3 1/4 1 1/9

Plausibility check of
the map information 9 7 9 1

As with the pairwise comparisons in Table 9 regarding weighting criteria, the pairwise
comparisons in Table 10 were developed by municipal staff through a discussion process.
The dominance of alternative 4 “plausibility check of the map information” can already be
clearly seen. This alternative is significantly more important than the other alternatives
in terms of the “resource commitment” criterion, but especially in terms of the “additional
costs” criterion.

This total weighting is based on determination of intrinsic values calculations and a
program-specific fuzzification [79]. Fundamentally, the total weights from the pairwise
comparisons can be interpreted as follows.

The total weight indicates how important each alternative is with respect to the
objective. The overall weight is determined by multiplying the scores of the alternatives
in the matrix by the weights of the associated criteria. An alternative with a higher total
weighting has a higher priority than one with a lower total weighting.

After all pairwise comparisons have been conducted, the results can be presented in
DEMUS [79] in a ranking taking into account the municipality-specific preferences. In the
case study, the following ranking of the action alternatives resulted:

1. Plausibility check of the map information (priority: 0.698)
2. Interdepartmental exchange (priority: 0.166)
3. Information for citizens (Priority: 0.078)
4. Clarification of responsibilities (Priority: 0.059)

The plausibility check of map information is thus of outstanding importance for the
example municipality. In this case study, the heavy rainfall map was divided into a grid
(approx. 60 fields) and possible flooding focal points were identified for the individual grid
fields and characterized by their flooding depths and flow velocities. In addition, the flood
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hazard maps [86] and the elevation profiles [82] were used to identify points of overflow
from the watercourse, as well as flow paths on the site. The findings were summarized in a
total of 19 risk notes (RH) for the urban area. The risk notes summarize the most valuable
information for the area at risk of flooding and provide initial orientation for possible risk
reduction measures. Table 11 shows as an example risk notes no. 5 from the municipal
case study.

Table 11. Risk notes no. 5.

Risk Notes No.5

Object/Area Residential Area

Concern • Heavy rainfall: Scenario 2 and 3 according to [83].

Dangers

• Water ingress into building
• High flow velocities
• Danger of drowning in basements and ground floors

Damage potential class Class 3 (high) according to [42].

Measures

• Checking the flow paths
• Selective control of surface flow
• Installation of protective gates or hinged bulkheads
• Object protection measures e.g., installation of

pressure-tight windows and doors

Picture examples (scenario 3):
Left: water depths

Right: flow velocities
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To supplement the risk information with interactions with the sewer network, further
information from sewer network calculations can also be included, such as network areas
in the urban area at risk of flooding (sewer-induced flooding). In addition, areas that are
not included in terrain models, such as subways or culverts, should be identified and, if
necessary, considered in further calculations

4.3. Benefits

The nineteen risk notes and the hazard assessments are now available to those in charge
of urban drainage as a concrete localization of focal points for action. They delimit the
measures that will be necessary in the long term and form the basis for further coordination
with the property owners concerned. In addition, for the first time, they provide a basis
for concretely estimating the future implementation costs in the municipality, especially
in the citizens’ advisory service, and also for substantiating a corresponding increase in
personnel resources. A corresponding job advertisement is currently being prepared and
has already been approved by the responsible bodies.
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4.4. Discussion

The entire procedure has fundamentally proven itself in the case study. However,
many aspects were only recorded very roughly. This was especially true for the num-
ber and gradation of decision criteria. Greater detail here would also allow for better
individualisation of the decision-making process.

The availability of the data required for the heavy rainfall analysis can be assessed as
very good throughout for the North Rhine-Westphalia area under consideration, especially
with regard to the critical terrain data. Moreover, these data are available free of charge and
in high quality. However, it should be noted that these data are only snapshots. Changes
in terrain or land use, as well as changes in the predicted precipitation scenarios, can
fundamentally call the validity of calculations into question.

The calculation tools used were commercial software that fully met the requirements.
The project did not reveal any need for additional development.

Ultimately, however, the greatest obstacle to actually implementing the identified
measures was the willingness of the municipal administration (especially the municipal
drainage companies) to accept this catalogue of actions as a work assignment and to
present it to the supervisory bodies in the municipality. Concerns may play a role here in
that the task is assigned, but the necessary personnel capacities are not approved. Since
the individual results of the work discussed here were also subject to a confidentiality
agreement, this also facilitated the withholding of information.

5. Conclusions

Damage from floods has dramatically increased during recent decades across Europe
and worldwide, particularly in low- and middle-income countries, and as previously men-
tioned, it is expected to increase in the future due to anthropogenic climate change [87–91].
To address flood threat in Europe, the European Flood Directive (Directive 2007/60/EC,
2007) required the Member States to perform flood risk assessment and mapping, and to
draft flood risk management plans (FRMPs). Flood mapping incorporates uncertainties
regarding the natural phenomena (flooding) and those associated with the data and mod-
elling. By having uncertainty linked with the information provided within the maps, there
could be a lack of knowledge which reduces the ability to select the correct measures to
reduce the impact of the natural phenomenon.

Thus, the Federal Agency for Cartography and Geodesy (BKG) in Germany published
a cross-municipal heavy rainfall hazard map for the federal state of North Rhine-Westphalia
in October 2021 in order to support municipalities that have already been active in the past
in the context of heavy rainfall risk management, and are in possession of their own heavy
rainfall hazards and risk maps so that they could use the state map for plausibility checks.
However, drainage system companies that do not yet have such maps are confronted with
an extensive need for advice from politicians, administrators and citizens immediately
after publication.

With the publication of the state-wide heavy rainfall hazard map, prevention, post-
event care, communication and action planning, therefore, become the focus of all stake-
holders. However, the basis for successful heavy rainfall risk management is the most
comprehensive knowledge possible regarding existing flooding hotspots in the urban area
in order to develop suitable measures to reduce the risk of flooding. The municipalities are
faced with the conflict between the obligation of municipal flood prevention to provide a
certain level of drainage comfort and, at the same time, to make the best possible use of lim-
ited human and financial resources, and it is crucial to gain the most accurate information
from hazard maps. Thus, this paper presented a methodical procedure for dealing with the
available maps provided by local authorities in support of local municipalities in Germany.

Both the validated implementation recommendation and the AHP analysis of the
municipal case study showed that the plausibility check of the map information is one of
the most important, urgent measures after receiving the heavy rain hazard map, regardless
of whether the map was produced by the municipality itself or by external bodies. Due to
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small deviations between reality and model, deviations could already occur in the mod-
elling or simulation. Surface structural differences can have a major influence on surface
runoff. Flooding situations can thus be further intensified, but also reduced. Another
example of the plausibility check to be conducted is a differentiated consideration of piping
and culverts. Depending on their size, they can unintentionally throttle runoff during
heavy rainfall or, through relocation, no longer allow runoff. Such mechanisms can also
unintentionally change flooding situations. Obtained results must be treated with some
reservation due to the limited number of independent examinations (five municipality
companies plus one more detailed case study).

As a permanent task, flood and heavy rainfall prevention will continue to present
politics, the population and water management with tasks to be solved in the coming years.
Citizens must be more involved in this process and communication. Since floods also occur
away from watercourses, they often may not be aware of this danger; appropriate education
and information work must then be promoted. Finally, it is essential to remember that
flood-risk mapping is generally based on historically recorded water levels, but significant
exceedances of earlier maximums may occur for: (i) climate change; (ii) for natural or
artificial changes of the hydrological characteristics of creeks and rivers; (iii) for the land
use change and regulation of riverbanks and creek banks; iv) for the unsatisfactory state of
drainage systems. Therefore, municipalities should also regularly update their database to
keep track of the changes linked with these factors.
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