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Abstract

This study provides an overview of the impact of the 2021
Summer floods in the Netherlands and the assessment of the
effectiveness of various adaptation measures, evacuation strategies,
and their impact on society. The floods were characterized by
record rainfall in the cross-border region of the Meuse and Rhine
basins and resulted in devastating losses in the Netherlands,
Germany and Belgium. The study reports on a household survey
conducted with 1,509 households in the wake of the 2021 flood
event in the southern part of the Netherlands (province of Limburg).
Using a descriptive approach, we present household experiences
during several stages of the disaster management cycle, reporting
on experienced flood hazard and impacts, evacuation, flood damage
mitigation measures, the compensation progress, risk perceptions,
and stress. Our findings highlight the role of early warnings and
flood risk information provision in flood risk management. Risk
perceptions influence both adaptation and evacuation behavior, as
respondents who were aware of flood risks beforehand took
significantly more flood damage mitigation measures compared
with those who were not aware. Flood damage mitigation measures,
such as building with water-resistant materials and elevating
valuables, reduced flood damage by 20% to 50%. Our survey shows
that of those who received warnings, the majority actually
evacuated. However, residents not aware of any evacuation advice
evacuated significantly less. Additionally, the majority (75%) of
respondents experienced high or very high stress during and after
the flood, which is most likely related to the destructive flood
impacts and the slow and uncertain compensation experienced by
many respondents. This paper describes the flood event and its
consequences to provide insights into Dutch disaster management
and what can be learned for potential future disasters in other
contexts.
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1 Introduction

Floods remain one of the most damaging natural hazards worldwide (Merz et al., 2022). In the summer of 2021, parts
of Germany, Belgium and the Netherlands were affected by record rainfall in the cross-border region of the Meuse and
Rhine basins (ENW, 2021), which resulted in devasting financial losses, injuries and casualties (Dietze et al., 2022). In a
changing climate, it is likely that the intensity and frequency of extreme flood events will increase, which leads to
increased flood risk in absence of additional adaptation strategies (IPCC, 2021). To effectively manage flood risks, it is
relevant to have prior understanding of the impact of flooding on society, including the response of affected households
and communities. The disaster management cycle offers a valuable framework for an analysis of how flooding affects
society. This cycle is set in motion by a trigger event, to which society responds (FEMA, 2010). The disaster management
cycle consists of five elements: disaster prevention, mitigation, preparation, response and recovery (de Moel & Aerts,
2008). In each stage, different actors, including households, communities, and governments, play critical roles in
minimizing the impact of floods and enhancing resilience to future flood events. Effective flood risk management involves
all stages of the disaster risk cycle (Thieken et al., 2007).

Disaster prevention is aimed at reducing flood hazard, where governmental bodies take measures to enhance protection
standards for a region (de Moel & Aerts, 2008). To determine such flood protection standards, it is important to have
prior understanding of the impact of flooding (Kind, 2014). To facilitate such knowledge, flood damage models or
catastrophe models have been developed (Gerl et al., 2016). The reliability of such models—including the use of damage
curves or data-driven approaches—strongly depends on the availability of empirical data or expert knowledge. Empirical
loss data from households during extreme floods can offer insights for improving flood risk assessment models (e.g.,
Barendrecht et al., 2019). Moreover, empirical data on flood preparedness behavior during and after floods informs
policies that contribute to improving individual flood preparedness, such as communication strategies and emergency
management activities (Aerts et al., 2018).

The mitigation phase covers households that take measures to reduce flood damage in case flood prevention fails.
Concerning private disaster risk reduction, studies on the German Elbe floods in 2002, 2005, and 2006 show the effects
of households’ flood damage mitigation (FDM) measures on damage reduction (Kreibich et al., 2005; Kreibich &
Thieken, 2009). Bubeck et al. (2012) discuss private FDM in the Rhine basin and how risk perception influences
households’ investments in FDM. Wind et al. (1999) present a case from the Netherlands in which risk awareness (due
to flooding experience) may influence the uptake of FDM by households and reduce flood damage for subsequent events.
This is elaborated by Poussin et al. (2014, 2015), who show that socioeconomic and psychological factors (e.g., worry,
risk perception) influence flood preparedness behavior in France, and that policies, such as insurance, may provide
incentives for implementing FDM measures.

During the disaster preparation phase, society braces itself when a disaster is coming soon. Emergency preparations
can be triggered by multiple factors, such as warnings from an individual’s social network, environmental cues and early
warning systems. A priori, extreme flood scenarios are used to map vulnerable locations and to find the correct target
group for information provision (Godlewski et al., 2022). Early warnings promote emergency preparation when warning
lead times are sufficiently long and the content of the warning is comprehensible (Penning-Rowsell et al., 2005). These
warnings can call for evacuation or preparation (e.g., uptake of emergency flood damage mitigation (FDM) measures.
The response phase takes place directly after the flood event, where an emergency reaction takes place after an area has
already been flooded, these can also include emergency actions, such as evacuation or FDM, such as elevating personal
possessions to higher floors or using a water pump.

The Sendai Framework for Disaster Risk Reduction describes recovery as society ‘building back better’ towards a
state of higher disaster preparedness (United Nations, 2015). The disaster functions as an opportunity for society to act
and institute recovery for more resilience than before the disaster. Efforts are made to restore essential services and
infrastructure, and support affected households and businesses, where flood damage will be repaired. Households and
businesses may be assisted in their recovery process through insurance and/or government compensation (Tesselaar et al.
2020). The recovery phase provides an opportunity to enhance society’s resilience to future flood events, where the
disaster prevention and mitigation phase follow again.

Surveys provide detailed insight into local conditions during flood events as well as households’ responses to floods.
However, the local context limits the transfer of these findings to other areas with different contexts and to other flood
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events with different water depths, flow velocities, and rates of water rise. This relates to problems associated with
transferring empirical information in space and time from one case study area to another. Wagenaar et al. (2018) illustrate
the necessity of collecting more data on flood losses by showing that a flood damage model based on heterogeneous data
(six separate flood events) performs better when transferred to another region than a model that is based on only one flood
event. However, high-quality empirical data is scarce regarding the effects of and response to floods (Molinari et al.,
2017). There have been various efforts to collect such empirical survey data either for purposes of compensation or to
study post-disaster mechanisms. Due to the rare opportunity to collect empirical post-disaster data, these surveys cover a
wide range of topics at the same time. Studies on these surveys first offer a descriptive overview of the flood event (e.g.,
Kreibich et al., 2005; Kreibich & Thieken, 2007; Kreibich et al., 2009; Thieken et al, 2016; Chinh et al., 2016), only to
use the same survey in later papers to zoom in on more specific topics, such as adaptation behavior, flood experiences,
damage compensation or flood damage mitigation effectiveness (e.g., Thieken et al., 2005, 2006; Kreibich & Thieken,
2009; Merz et al., 2013; Hudson et al., 2014). Despite these existing studies, there remains a need to gather empirical data
on impacts from extreme floods and FDM dynamics because of the heterogeneity of flood events and differences in the
geographic and socioeconomic contexts of affected areas. Collecting survey data and comparing it with previous flood
events is crucial to enhance our understanding of the impacts and responses to extreme floods, as it enables the
identification of common patterns, variations, and best practices across diverse contexts, facilitating the development of
more effective flood management strategies and policies.

A large share of post-disaster flood surveys have been conducted in Germany. As every flood event is unique, a
descriptive overview gives new information in a different flood context and allows for comparison of the 2021 Summer
floods in the Netherlands with other flood events. We report on a survey conducted with 1,509 households in the wake of
the 2021 flood event in the southern part of the Netherlands (province of Limburg). The goal of this paper is to gain more
insights into Dutch disaster management and what can be learned for potential future disasters in other contexts by taking
a broad descriptive approach. The main research question is, therefore: “What lessons for flood risk management policy
can be learned from the impacts on households during the 2021 Summer floods in the Netherlands by analyzing the stages
of the disaster management cycle?” Strategies from the disaster management cycle are assessed using experiences and
impacts of flooding on the household level. Figure 1 below visualizes all stages of the disaster management cycle and the
corresponding section where this stage is discussed in this paper. Included topics are related to the flood hazard itself, the
evacuation, the damage caused, FDM measures undertaken by residents, compensation for inflicted damages, early
warnings, risk perceptions, and stress experienced by affected people.

Prevention Mitigation
Lower the probability and/or magnitude Reducing flood impacts when prevention fails (e.g.,

of floods. adaptation actions on the building level).
- Section 1.1: Case Study Area - Section 3.3: Risk Perceptions

- Section 3.5: Flood Damage Mitigation Measures
(Emergency FDM)

Recovery

Build back to a state of higher disaster
preparedness, assisted by government
and insurance compensation.

- Section 3.4: Damage

- Section 3.6: Compensation

Response | Preparation
Emergency action to flooding (e.g., through flood Prepare for a disaster shortly before the disaster

damage mitigation measures). is coming (e.g., through emergency plans and
- Section 3.1: Flood Experiences early warning systems).
- Section 3.5: Flood Damage Mitigation Measures - Section 3.2: Evacuation

(Structural FDM)

Figure 1: Overview of the disaster management cycle framework, where each stage is matched with the corresponding
section from this paper. Adapted from De Moel & Aerts (2008).
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1.1 Case Study Area

The context of this flood event in the Netherlands is uncommon. Rainfall and peak discharge occurred during the
summer; historic peak flow events of this magnitude have previously only occurred in winter months. Rainfall and
discharge for this event were the highest ever recorded in the Meuse, and damages were higher than the most recent flood
events in the Meuse in 1993 and 1995. However, current damages were confined to the unembanked area and the
tributaries, including the Geul, Roer, and Geleenbeek Rivers, rather than to the main branch of the Meuse as in 1993 and
1995 (ENW, 2021). The Meuse is protected by embankments, and a recent river widening project included high protection
standards. Nevertheless, this flood event has sparked a renewed discussion regarding how to protect the tributary rivers
(de Jong & Asselman, 2021), where large-scale protection is more difficult to implement.

Figure 2 shows the case study area and flood extent, which covers a portion of the Meuse basin in the province of
Limburg in the southern part of the Netherlands. Draining from the Belgian and French Ardennes region, the Meuse River
enters the Netherlands from the south and continues in a northern direction. The main river branch is joined by several
tributaries, of which the Geul, Geleenbeek, and Roer were most severely affected by the flood (ENW, 2021). The Meuse
in Limburg is the downstream area of a considerable catchment. The Geul flows through a relatively small, v-shaped
valley, and the river responds rapidly to upstream precipitation. People living along the Geul were generally caught off
guard by the flood event, while those living near the Meuse had considerably more time to act because the peak flows
arrived later and the national forecasting system provided flood alerts.

In the Netherlands, flood protection standards and maintenance of flood protection measures are differentiated
between the main water system (the Meuse and Rhine Rivers and coast) and the so-called regional water system. Dike
maintenance along the Meuse falls under the responsibility of Rijkswaterstaat, a subdivision of the Ministry of
Infrastructure and the Environment. A recent large-scale investment in river widening, flood protection, and channel
deepening (called Maaswerken) resulted in the establishment of a flood protection standard of 1/250 years at that time*
along the Meuse (Rijkswaterstaat, 2022). However, the protection standards along the tributaries are determined by the
province of Limburg and the regional water authority (called Waterschap Limburg). In a recent policy document
(Waterschap Limburg, 2021), protection standards for built-up areas along the tributaries were set to 1/25 years and 1/10
years in some areas, which is lower than in the rest of the Netherlands. The Dutch flood insurance program is also
differentiated between these water systems. For regional water systems and heavy rainfall, flooding is insured through a
household’s home and contents insurance, which has a relatively high penetration rate in the Netherlands (Dutch
Association of Insurers, 2018). Meanwhile, Dutch insurers cannot insure against failure of main water defense systems
because of challenges with attracting enough capital to cover losses from low-probability high-impact flood events at
affordable insurance premiums.

Precipitation accumulated to between 160 mm and 180 mm in two days over a large region, including parts of Belgium
and Germany. Return periods for precipitation ranged from 1/10 to even 1/1000 years in some areas along the Meuse.
This began a record-high discharge in the Meuse, estimated at ~3300 m?/s, with a return period of around 1/100 years.
However, since most historical discharge extremes have been recorded during the winter, extreme value analysis shows
return periods > 1/600 when considering only summer months (ENW, 2021). Return periods for water levels reached
1/200 years near the Belgian border to 1/50 and 1/15 downstream in more northern areas near Venlo (ENW, 2021; de
Jong & Asselman, 2021). Return periods of peak discharges along the tributaries Geul, Geleenbeek, and Roer have varied
between 1/100 and 1/1,000 years, with water level return periods of 1/100 years (de Jong & Asselman, 2021).

With significant parts of the area under water during the event, substantial economic losses occurred as well as direct
damage to buildings and infrastructure and indirect economic losses from business interruptions. Total damage was
estimated between €350 and €600 million shortly after the event (ENW, 2021). This is substantially higher than the
previous record flood losses during the 1993 and 1995 flood events, which were approximately €201 million and €126
million,? respectively (ENW, 2021). There were no direct casualties from flooding in the Netherlands. Most insurance
claims were submitted by residents along the Geul and Geleenbeek; 90% of the claims pertained to damage to buildings
and cars.

! Nowadays, safety standards are differentiated for different dike segments, instead of entire dike rings.
2 Corrected for inflation and converted to euros.
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Flood extent
Areas

] Meuse (south)
[ Meuse (north)
[ Geul
Geleenbeek
[ Roer

The Netherlands

Figure 2: Overview of the case study area, displaying postal code (PC4) areas and the flood extent along the main branch
of the Meuse River and its tributaries, the Geul, Geleenbeek, and Roer.

2 Methodology

2.1 Survey Setup

Letters were distributed in December 2021 via postal mail to 11,000 addresses of both firms and households. The
letter was addressed to either the residents living at the address or the firm being located there and contained a request to
complete the survey online. It is not expected that the online design of the questionnaire results in a lower response rate,
as 98% of all households in the Netherlands have internet access (CBS, 2018). Firms and households received a different
survey.® Exactly half of the 11,000 addresses were located in flooded areas, as defined by the ENW (2021) study. Using
a random number generator, the other half were randomly selected from areas that were not directly flooded. Addresses
in these areas did not flood, but residents received evacuation orders during the flood event. Sampling these latter areas
was useful since some flood impacts may have occurred at these locations due to potential inaccuracies in the initially
defined flood extent. Moreover, these areas were threatened by flooding, so it was relevant to examine residents’

3 In this study, only results of the household survey are reported.
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evacuation and risk-reduction behavior. A reminder was sent in February 2022 to addresses from which no response to
the survey request had been received. This eventually resulted in 10,143 households and 857 firms being sampled.

Respondents from 1,509 households completed the survey, which indicates a response rate of 14.9%. Although this
response rate seems low, it is higher than response rates to other surveys about flood risks with a similar setup (e.g.,
Poussin et al., 2014). Our higher response rate may have been caused by the survey’s timing, which was shortly after a
severe flood event; this may have increased respondents’ willingness to participate. Nevertheless, the response rate was
lower than the response rates associated with face-to-face interviews. The sample composition was as follows: 13% of
respondents were between 18 and 44 years old, 37% of respondents were between 45 and 65 years old, and 50% of
respondents were older than 65. Additionally, 64% of the sample was male, and 53% finished higher education; 167
respondents did not report their education. The average annual net income of respondents was €51,000; 406 respondents
did not report their income.

The geographic distribution of the respondents was as follows: 40% lived near the Meuse, 20% lived along the Geul,
approximately 33% did not indicate their location, and the remainder lived along the Geleenbeek or Roer. Because of
Dutch privacy laws, the exact location is not known for all respondents, as they were able to refuse to share their home
location. In the 1,509 completed surveys, approximately two-thirds of the respondents (N = 971) provided their location,
with their six-character postal code. Figure 3 shows the geographical distribution of the response rate using four-character
postal codes. Panel A gives the absolute number of respondents, and Panel B shows the number of respondents relative
to the total number of addresses to which invitation letters were sent; one can see that a considerable share of respondents
was located in the southern part of the Limburg province. The responses along the Geleenbeek were relatively low. Panel
C indicates the share of respondents who experienced water in their homes during the flood event, which comprised 28%
of respondents. The results revealed that a relatively high percentage of residents experienced water intrusion in their
homes in the southern part of the Limburg province as well as in Roermond and its surroundings.

Number of respondents Relative response with B Percentage of flooded

o respect to targeted addresses households in the survey

=1 0% CJo%

. 2-5 [ 0.1% - 5% []0.1% - 10%

E6-25 [ 5% - 10% [ 10% - 20%

26- 50 o [ 10% - 15% a [ 20% - 40% |
Bl si-75 B 15% - 20% [ 40% - 60%

B 76 - 100 Bl 20% - 25% I 60% - 80%

B 25% - 30% I 80% - 99.9%
I 30% - 35% . _Svenio | HI 100% EVenlo
G [ Insufficient observations G

Il 101- 136

Figure 3: Total responses to the questionnaire (Panel A), response percentage relative to survey invitation letters sent per
postal code area (Panel B), and percentage of respondents who experienced water in their homes during the flood (Panel
C).

Note: All estimates in the figure are based on data from residents who shared their postal code information (N = 971).
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The online questionnaire was structured as follows. The survey began with attitudinal questions, such as individual
perceptions of flood risks. Several questions requested information about the flood hazard experienced, such as whether
respondents experienced water near or in their homes and the maximum water level. Both flooded and non-flooded
households received the same set of survey questions. Respondents who experienced flooding were asked three additional
questions regarding water entry, water rise rate and water withdrawal rate in their homes. To assess the impacts of the
flood event, respondents were questioned about the type of flood damage they experienced, as well as the monetary
damage amounts and psychological stress. We also inquired whether respondents implemented various measures to
reduce flood damage. This allowed us to evaluate the level of flood preparedness among the respondents and estimate,
whether, on average, employing these measures reduced flood damage. Additionally, damage compensation received
from the government and insurers was requested; this provided insights into compensation progress at the time of the
survey, which was conducted approximately six months after the event.

To reduce the risk of attrition and respondent fatigue, we divided the respondents into two groups for different sets of
questions. Roughly half of all respondents (N=764) answered questions about the evacuation process, while the other part
(N=745) responded to questions about attitudes towards FDM uptake. The remaining questions were the same for all
respondents. The division of questions reduced the time required to complete the survey from 45 to 30 minutes for both
groups. The final number of respondents is 1,509. The entire survey is included in the Supplementary Material.

2.2 Analysis

As the goal of this paper is to give a broad overview of multiple topics of the 2021 Summer Floods in the Netherlands,
we report mainly descriptive statistics related to the survey results. Descriptive statistics give a cross-section of flood
impacts and household behavior during the flood event. To define whether different subgroups (e.g., geographic,
with/without warning) of the sample significantly differ from each other, we apply independent two-sided t-tests*. The
case study areas featured a geographic spread of respondents along the rivers; therefore, we report some results from the
entire sample, but in many cases, we also differentiate between households along the Meuse and along the Geul. This is
particularly relevant, as the setting (geographic, hydrological, legislative) is considerably different, as described in Section
1.1.

The effect of the FDM measures on reducing flood damage is expressed using the ratio between the cost of damages
and the rebuilding value of the property. Rebuilding values have been composed based on building characteristics using
approaches from two contractors (iTX Bouwconsult, 2022; BMVV; 2022). Household contents damage ratios have been
composed using contents replacement values, determined using an approach insurance companies apply in the
Netherlands (Dutch Association of Insurers, 2022). Inputs for this approach are household income, respondent age,
dwelling size and home living area. Scaling flood damage to actual property values allows for comparison between
households of different income categories.

3 Results

3.1 Flood Experiences

The respondents had varied experiences during the flood event. Approximately 28% experienced water intrusion in
their home, 13% had flood water in their streets (but not in their home), 25% saw flooding only in their neighborhoods,
14% mentioned flooding in their municipality but not in their neighborhoods, and 20% did not have any flood water in
their hometown. The flow velocities were experienced as relatively high by respondents. As an illustration, only 44% of
the respondents answered that an average man could easily stand up straight in the water, while 31% stated that it was
difficult to stand up straight, and 25% noted that this was not possible due to flow velocity or water depth. We decided to
use these reference categories to estimate flow velocity in line with the surveys of Thieken et al. (2005) and Merz et al.
(2013). Although this approach is not fully accurate and dependent on the respondent’s perception of an average man, we

4 The statistical software package STATAL7.0 has been used for inferential statistics. Data visualization has been performed using
QGIS3.28 and Spyder 5.3.3.
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believe that this approach yields more reliable results than asking for flow velocity in m%s, which is often harder to assess
from individual experiences.

Water entered respondents' homes primarily over the surface (66% of all flooded respondents indicated that water
entered the home through doors and walls), with a smaller share of groundwater entering the building (indicated by 22%
of flooded respondents). The sewer was mentioned as a source of flood water in only 4% of flooded cases. Additionally,
respondents reported substantially different water depths between homes. Figure 4 shows the water depths in different
parts of their homes for those who reported water against the outside wall. Water depth was measured from the floor of
the room in question and varied from several centimeters to more than two meters, which is approximately the same range
as estimated from aerial photographs and a digital elevation model in the ENW (2021) report. 45% of all flooded
respondents reported inundation depths higher than 50 cm on the ground floor. The results of the questionnaire are in line
with the findings from the ENW (2021) report that more households were flooded by the Geul than by the Meuse (234
versus 96, respectively). The households that were flooded by the Meuse are located in areas outside the dikes, and losses
are thus not due to dike failures or dike overtopping. Compared to the Meuse, the inundation depths in buildings along
the Geul were significantly (p<0.05)° higher. Half of the flooded respondents living along the Meuse experienced a water
depth of less than 20 centimeters. 90% of all survey respondents who lived along the Geul had water in their basement,
where some of the reported water levels were higher than two meters. Water intrusion was mainly experienced on the
ground floor, although in a few houses, water reached the second floor.

50 Meuse (N=96) i Geul (N=234) 1-20 cm
: 20-50 cm
1 50-100 cm
H 100-200 cm
40 i B >200cm
1
1
1
1
1
]
=z 30 i
5 i
R i
1
20 i
1
1
1
1
i
10 1
1
1
1
1
1
1
1

Exterior wall Basement Ground floor Second floor Exterior wall Basement Ground floor Second floor

Figure 4: Fraction of respondents with several water depths in different parts of respondents’ houses (exterior walls,
basement, ground floor, and second floor) based on the data for respondents who provided postal code data and reported
water at the outside wall of the house.

For most of the respondents, especially those living along the Geul River with already high water levels, the flood
water reached its maximum level shortly after entering their homes, which implies a lack of time to perform last-minute
emergency measures. Specifically, 33% of flooded respondents experienced the maximum water depths within one hour,
35% between one and five hours, 20% between five and 24 hours, and 8% more than 24 hours; 4% reported that they did
not know this information. Some regional variations were seen in the water's rate of rise: 75% of flooded homes along
the Geul experienced the maximum water level in less than five hours, where average water levels were higher as well
(Figure 4), while along the Meuse, this estimate was 45%. Furthermore, in 78% of all cases, water remained in the homes
for longer than 24 hours.

5 1(334)=2.29
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3.2 Evacuation

Overall, approximately a bit more than half of all respondents were warned in advance about the possibility of
flooding. Residents received warning messages from various sources and media. The municipality was the most
frequently mentioned source (by almost half of all warned participants), but personal networks (neighbors, family, and
friends) were another important source of information (indicated by 25%, 20%, and 13% of warned respondents,
respectively), as was the safety region. The local government institutions water boards and the national institution
Rijkswaterstaat were not often quoted as information sources (only indicated by approximately 5% of all warned
respondents). Media through which residents were warned were also diverse: social media, followed by news websites,
television, and radio.

These warning fractions differ substantially between the different flooded regions (Figure 5). It stands out that
especially along the Geul, relatively few households were warned (around 25% of all respondents along the Geul). Of the
group along the Geul that has received a warning, around 10% received a warning after their home already flooded. It is
observed that households in areas with shorter warning times took fewer emergency FDM measures, such as placing
barriers or moving their vehicle (Figure Al in the Appendix). Additionally, the rate of rise in these homes was rapid: the
highest flood level was reached within an hour for one-third of respondents who did not receive a warning.

60 Received no warning (home not flooded)
Reveived no warning (home flooded)
Received warning (home not flooded)
50 Received warning (before home flooded)
Il Received warning (after home flooded)

40

30

% of N

20

10
] _— I

Meuse (south) (N=177) Meuse (north) (N=412) Geul (N=315) Geleenbeek (N=52)

Figure 5: Percentage of respondents along the Meuse, Geul, and Geleenbeek who were or were not warned of the
possibility of flooding as well as whether a flood occurred.

Half of the participants were asked about the evacuation process. Overall, 56% of respondents who provided their
location and had water in their neighborhood evacuated; this number is strongly connected to receiving evacuation advice.
Respondents who received an evacuation advice evacuated significantly® (p<0.01) more during the flood event’. While
the number of evacuees was high for residents along both rivers, it was slightly higher for those along the Geul (82%)
than the Meuse (72%) (Table 1). Of those who did not receive evacuation advice, approximately 19% still evacuated; the
numbers were almost the same for the Geul and Meuse. It is important to note that some people living along the Geul
River were warned to stay at home during the flood event, which may have resulted in fewer preventive evacuations. The
vast majority of people who evacuated went to friends or family (81%), with designated evacuation centers playing only
a minor role, as approximately 4.5% of evacuees used these facilities. Of the people who did not evacuate (regardless of
advice), the most frequently stated reason was a lack of perceived threat (45%), a lack of information (7%) about the
potential flood and associated evacuation, and fear of burglary and looting (6%). Of the people who evacuated, a
considerable number (38%) did not receive any help, whereas 45% received help from friends and family, and 12% were

61(719)=17.11
7 This includes both preventive and responsive evacuation.
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assisted by neighbors. A minority of evacuated respondents were helped by aid workers (12%; note that respondents could
select more than one answer).

Table 1. Number and percentage of respondents who did or did not receive evacuation advice and their evacuation status.
Data is based on answers from respondents who provided their location and experienced flood water in their
neighborhood.

All Geul Meuse
Did not Did not Did not
evacuate Evacuated evacuate Evacuated evacuate Evacuated
Total 135 (44%) 173 (56%) 69 (47%) 78 (53%) 66 (41%) 95 (59%)
No advice to evacuate
(according to respondent) 86 (81.1%) | 20 (18.9%) | 54 (81.8%) 12 (18.2%) | 32 (80%) 8 (20%)
Received evacuation advice
(according to respondent) 49 (24.3%) | 153 (75.7%) | 15(18.2%) 66 (81.8%) | 34(28.1%) 87 (71.9%)

Of the surveyed evacuees, 44% were able to return to their homes within 24 hours. An additional 26% went home
within 48 hours after evacuation. Only 6% of the respondents had not yet returned to their homes at the time of the survey,
six to eight months after flooding. Most participants who evacuated during the 2021 floods stated that they were willing
to evacuate during a future flood event (Table 2). An independent t-test (t(716)=18.9) reveals that respondents who
evacuated are significantly (p<0.01) more willing to evacuate during a future event. No respondents who evacuated during
this flood stated that they would not be willing to evacuate in the future. Conversely, there is a group who consistently
refuses to evacuate; 28.9% of those who did not evacuate during the 2021 flood stated that they would not evacuate during
a future flood event.

Table 2. Respondents who did or did not evacuate and their intentions to evacuate during future flood events. Data is
based on answers from respondents who provided their location and experienced flood water in their neighborhood along
the Meuse or the Geul.

All Geul Meuse
Did not Did not Did not
evacuate Evacuated evacuate Evacuated evacuate Evacuated
Total 135 (44%) | 173 (56%) 69 (47%) 78 (53%) 66 (41%) 95 (59%)
Certainly not evacuating | 39 (28.9%) 0 (0%) 18 (26.1%) 0 (0%) 21 (31.8%) 0 (0%)
Probably not evacuating | 74 (54.8%) | 34 (19.7%) | 42 (60.9%) 13 (16.7%) | 32 (48.5%) 21 (22.1%)
Probably evacuating 18 (13.3%) | 83 (48.0%) 6(8.7%) 38(48.7%) | 12 (18.2%) 45 (47.4%)
Certainly evacuating 4 (3.0%) 56 (32.4%) 3(4.4%) 27 (34.6%) 1 (1.5%) 29 (30.5%)

3.3 Risk Perceptions

The flood experience also influenced individual perceptions of the probability of future floods. Around 20% of
respondents indicated that they believed flood risk to be high to very high in their region. Figure 6 shows the results of
several t-tests. The outcomes of the tests indicate that information regarding flood risks is associated with a higher level
of individual flood preparedness by inspiring respondents to undertake FDM measures. 45% of all respondents informed
themselves beforehand about the risk of flooding near their homes through various websites. These respondents were
better prepared for the flood event because they employed significantly (p<0.01) more emergency preparedness actions
as well as other measures to reduce flood risk (Figure 6). These emergency FDM measures include, for instance, placing
flood shields and sandbags in front of the homes, installing a water pump, moving furniture above potential flood water
levels, and moving vehicles to areas that are safe from flooding. Respondents who visited various websites to acquire
information about flood risks answered twice as often that they thought the flood probability was high or very high
compared to respondents who did not visit such websites. Subsequently, the group with higher awareness of the flood
risk protected themselves against flooding with specific measures 23%-100% as often compared to their peers (Figure 6).
This found effect in these t-tests is significant at the 1%-level for all FDM measures, with the exception of moving to a
less flood-prone location.
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Moving vehicle (t=7.86)" Emergency FDM measures

Elevating personal possessions (t=6.90)***
Sandbags (t=2.53)***
Water pump (1=3.75)"**

Water retaining bulkheads (t=5.70)**

Water-resistant floor (1=5.25)*** Structural FDM measures
Elevating electrical appliances (t=4.84)***
Elevating floor or entrance (t=3.22)"**
Water-resistant walls (t=4.50)"**
Strengthening foundation (t=2.56)***
Other water-resistant materials (t=5.22)***

Moving to a less flood-prone location (t=0.67) Not informed about flood risk (N=676)
Informed about flood risk (N=831)

0% 10% 20% 30% 40%
Mean FDM uptake for each group

Figure 6: Results of independent t-tests examining whether individuals who were informed about flood risk in their
neighborhood take FDM measures more often compared to uninformed individuals.
Note: (*** p<0.01, ** p<0.05, * p<0.1, df=1,507)

3.4 Damage

Panel A in Figure 7 shows the share of households with damage per postal code area. Most flood damage was
concentrated along the Geul and Roer Rivers. A large share of surveyed households along the Geul experienced damage
(40%-100%, depending on postal code). Overall, one-third of the respondents experienced flood damage. Panel B
provides insight into the average damage, which in the south of the flooded amounted to €100,000 per household or higher
in some cases. This damage distribution is right-skewed, as there are various outliers with high economic damage. In the
northern area, a smaller share of homes experienced flood damage, and the extent of the damage was also lower compared
to the south.
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Figure 7: Share of households with damage (Panel A) and average damage for these flooded households (Panel B)

based on data for households per postal code area (N = 971).

Figure 8 shows how often respondents mentioned damage in various categories. These results illustrate the diverse
categories of building damages. Of other property damages, personal belongings were damaged in more cases than cars
and other vehicles. Moreover, gardens were often damaged. Damages because of burglaries and looting were a regular
concern in the media but occurred for only seven out of 494 respondents with damage after the flood event. Of the non-

property damages, evacuation and cleaning costs were common.
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Figure 8: Frequency of damage in specific categories (N = 494).
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Table 3 shows the median financial cost of damage (estimated by residents) for the main damage categories.
Households without damage are not included. A distinction is made between households along the Meuse, the Geul, and
those without postal code information.

Table 3: Median damage to buildings, floors, household contents, and cleaning costs, categorized by source and based
on data for households with damage for which the postal code was known.

Median damage per location
Category Full sample Geul Meuse Location
unknown
Building €25,000 (362) €35,000 (192) €5,000 (55) €25,000 (106)
Floor €8,000 (176) €8,000 (106) €5,000 (17)  €10,000 (45)
Household contents €17,000 (260) €20,000 (171) €6,000 (17)  €14,500 (67)
Cleaning costs €2,500 (199) €2,500 (119) €1,500 (21) €2,000 (53)

Note: Number of responses in parentheses.

The median damage for the Geleenbeek and Roer Rivers is not shown, as only five and six damage cases, respectively,
were reported along these tributaries. However, these cases are included in the damage for the full sample. One can see
that a larger proportion of respondents along the Geul experienced damage in comparison with the Meuse. Additionally,
the damage in each category (building, floor, contents, and cleaning costs) for surveyed households along the Geul was
higher than for the group near the Meuse, mostly driven by higher water levels (Endendijk et al., 2023). This larger
damage is significant for the building (p<0.01) and household contents (p<0.05)%. Of all respondents who experienced
damage during the flood, the estimated damage to the property was €25,000 (median). Median damage for floors,
household contents, and cleaning were €8,000, €17,000, and €2,500, respectively. Furthermore, respondents with more

property damage generally lived upstream in the Geul area and experienced significantly (p<0.01)° shorter periods
between flood warnings and actual flood impact.
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Figure 9: Estimated recovery time in months for households with flood damage with the percentage of households in each
category (N = 460).

8 1(414) = 2.70 and t(306) = 1.83 respectively
94(62) = 3.00
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Figure 9 presents the amount of time required to repair the homes of respondents with flood damage; if damages had
not yet been repaired at the time of the survey, then respondents provided repair time estimates. Around 15% of
respondents who experienced flood damage indicated that their home did not face any lasting damage. Some respondents
noted that this time was less than one month or between one and two months; however, for many, this time stretched to
between two and six months or between 6 and 12 months. Moreover, 16% of respondents stated that their repairs were
expected to take more than a year. The median and average recovery time estimated by respondents at the time of the
survey was nine months.

3.5 Flood Damage Mitigation Measures

Our results show that households prepared for flooding by taking both emergency FDM measures and structural FDM
measures to reduce flood damage. Structural FDM measures are implemented before a flood event and are relatively
expensive and more time-consuming to implement compared to emergency measures. Examples include installing water-
resistant floors or raising the entrance to the house. Emergency measures are taken shortly before a flood occurs. Figure
10 gives insights into the geographical distribution of FDM measures (Panel A) and for emergency (Panel B) and
structural FDM measures (Panel C) separately. It stands out that there is a relatively large uptake of FDM measures in
general more downstream along the Meuse. The explanation behind this can be found in Panel B, where this higher uptake
of all FDM measures is explained by the higher uptake of emergency measures. The residents in the areas more
downstream had significantly (p<0.01)!° more time to prepare for the flood and took measures accordingly. What also
stands out is that the uptake of structural FDM measures is relatively low in all areas (Panel C). Near the confluence of
the Roer and Meuse Rivers, there are a few areas with higher uptake of structural FDM measures. More insight into the
average number of FDM measures taken in each area can be found in the Appendix (Figure A2).
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Figure 10: Share of households who have taken at least one FDM measure (Panel A), emergency FDM measure (Panel
B) and structural FDM measure (Panel C) based on data for households per postal code area (N = 971).

Table 4 provides an overview of the risk reduction effect of the FDM measures included in the survey. The average
rebuilding home value over all data is €257,000, which means that a damage ratio of 0.01 (1% of the home's value), on

104(1,472)=4.87
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average, is approximately equal to damages totaling €2,570. Table 4 also shows the difference in damage ratios between
the groups who did or did not take a particular FDM measure. These numbers pertain only to residents who had water at
the outside wall of their houses (N = 486). Undertaking the measures is associated with lower damage ratios across all
measures. It is important to note that the effectiveness of FDM measures is highly dependent on water level. For example,
in two-thirds of all cases, respondents stated that the placed sandbags or flood shields were either not high or strong
enough to prevent the water from entering the building. Homeowners who elevated their home contents to higher areas
within the building experienced approximately half as much damage compared to homeowners who did not take this
action.

Table 4 also shows how often specific measures were taken by respondents. Measures that can be taken relatively
quickly after an early warning has been given are applied the most. Examples of these measures are placing sandbags,
elevating possessions or using a water pump. Of the structural FDM measures, installing a water-resistant floor and
elevating electrics are commonly taken measures. Homeowners took between 60% and 160% more of these measures
compared to tenants, which is significant at the 1%-level for all measures, except building with water-resistant materials,
which is significant at the 5%-level. Duijndam et al. (2023) have further explored the various drivers of FDM uptake,
where it is found that flood experience and cognitive factors (e.g., risk perceptions, self-efficacy) drive future adaptation
behavior.

Table 4: Percentage of respondents who employed a specific FDM measure and the average damage ratio (relative damage
compared to the actual value of the asset) for groups who did or did not take the specific measure. Data is based on
answers from respondents who had water standing against the outside wall of their houses.

Damage ratio

FDM measure % of Measure Measure Difference t-value

respondents not taken taken

with measure
Placing sandbags 35.4 0.24 (0.05) 0.19(0.03) -0.05 (0.06) t(337)=0.90
Elevating possessions 34.1 0.41(0.07) 0.23(0.05) -0.18** (0.10) t(236)=1.73
Installing a water pump 321 0.25(0.04) 0.19(0.03) -0.06 (0.06) t(337)=1.04
Installing a water-resistant floor 24.7 0.26 (0.04) 0.13(0.02) -0.13** (0.06) t(337)=2.00
Elevating electrical appliances 19.5 0.24 (0.04) 0.15(0.03) -0.09* (0.06) t(337)=1.32
Placing shields or beams 16.0 0.23(0.03) 0.18(0.04) -0.05 (0.07) t(337)=0.71
Elevating floor or entrance 9.9 0.24 (0.03) 0.08 (0.02) -0.16** (0.09) t(337)=1.75
Using other water-resistant material 9.5 0.24 (0.03) 0.07 (0.02) -0.17** (0.10) t(337)=1.81
Building water-resistant walls 8.8 0.23(0.03) 0.12(0.04) -0.11 (0.09) t(337)=1.14
Strengthening foundations 4.1 0.23(0.03) 0.08(0.02) -0.15 (0.14) t(337)=1.10

Standard errors in parentheses for mean damage ratios, degrees of freedom in parentheses for t-values
*x% n<0.01, ** p<0.05, * p<0.1
Note: Damage ratios for the measure of elevating possessions are based on the damage to household contents divided by
the actual value of household contents. All other damage ratios represent the damage ratio between building damage and
building value.

In addition to economic damage, the flood event caused a diverse range of impacts on people. Figure 11 portrays
respondents’ stated sources of dominant impact, which illustrates the range of issues, including evacuation, stress, inability
to return home, fear of future floods, cleaning, and burglary. Of particular interest are the psychological impacts caused
by the flood event. For example, almost 75% of respondents who experienced standing water in their streets stated that
they experienced high or very high stress during and after the flood event. During evacuation, almost all participants
indicated that they experienced at least some degree of stress, and 28% experienced a great amount of stress while
evacuating. More than 35% of respondents noted that even six months after the flood, they continued to suffer substantial
stress from the event. Contributors to this stress include building damage, the compensation process, uncertainty and fear
during the flood, and the flood's impacts on others.
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Figure 11: Percentage of respondents who indicated a specific category as the predominant impact experienced during
or after the flood event compared to the total number of participants (N = 1,430).

3.6 Compensation

Depending on the type of insurance contract, flood damage to households may be compensated through homeowner's
insurance or home contents insurance. After the advice of the Dutch Association of Insurers in 2018, most national
insurers included compensation for local flooding in their homeowner’s insurance policies (Dutch Association of Insurers,
2018). This compensation concerns damage that results from flooding in regional waterways, which includes the
tributaries of the Geul, Geleenbeek and Roer but not the main waterways. Next to this, the Dutch government applied the
Calamities and Compensation Act (CCA), which allows for partial compensation of otherwise uninsurable flood damages.
Additionally, the foundation of the National Disaster Fund accepted private donations to be disbursed to residents who
experienced severe flood impacts.

Figure 12 illustrates respondents' total compensation received as well as pending compensation from insurance (left)
and other sources (right) at the time of the survey (i.e. six to eight months after the event). Approximately 70% of
respondents who experienced flood damage received or expect to receive compensation from the CCA. 80% of
respondents expect compensation from insurance or the disaster fund. The largest source of compensation was
homeowner's insurance, from which 62% of all expected compensation originated. The home contents insurance delivered
22.9% of the total expected compensation, while these estimates were 3.7%, 9.8%, and 1.7% for car insurance, CCA, and
the disaster fund, respectively. On average, respondents received or expect to receive compensation for approximately
60% of their total damages, which means that respondents expect that 40% of the damages will not be compensated.
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Figure 12: Percentage of total compensation received (in blue) and expected compensation (in orange) from various
private (car, home contents, homeowner's) insurances and public compensation arrangements (Disaster Fund and
Calamities and Compensation Act (CCA)) for respondents who experienced flood damage; data is based on all households
with flood damage (N = 486).

The amount of expected compensation reflects that respondents were still waiting for insurance or government
payments six to eight months after flooding. However, respondents' expectations may be overly optimistic, as some
participants may not be eligible for this compensation in reality. As Figure 12 illustrates, car insurers had already
reimbursed the majority of damages that fell under this insurance type at the time of the survey. From the other insurers,
the largest share of compensation still needed to be paid by the homeowner's insurance companies, and these claims may
be the most difficult to assess. From the public compensation arrangements, over 75% of expected compensation from
the disaster fund had been disbursed, but less than 25% of CCA funds, which are the main source of public funding for
2021 flood damages, had been paid.

4 Discussion

4.1 Comparison with literature

This section will discuss our findings in relation to the broader literature on disaster management. The comparison of
different flood disasters from multiple local contexts provides insights into the variations in the impacts of flooding across
different case studies for post-disaster surveys. Other major post-flood surveys have been distributed by Thieken et al.
(2005) after the German 2002 Elbe floods, Kreibich and Thieken (2007) following the 2005/2006 Elbe floods, Poussin et
al. (2015) following several flood events throughout France and Chinh et al. (2016) examining the 2011 flood in the
Mekong Delta, Vietnam. Inundation depth is the main driver of flood damage to buildings (Merz et al., 2013), which is
in line with reported flood damages across flood events. Our study shows that the Geul area with the highest observed
inundation depths also experienced highest the economic damage. Another major indicator for flood damage is economic
exposure, where higher economic value at risk implies higher economic damage.

Our survey results indicate that people who received flood warnings evacuated significantly more often (in 75% of all
cases). Meanwhile, Dutch standards assume the evacuation fraction for unembanked areas to be around 90%, and between
50% and 82% for embanked areas (Kolen et al., 2013; Dutch Ministry of Infrastructure and the Environment, 2016). The
flooded area was not protected by major dike rings, which suggests that the actual evacuation rate for both preventive and
responsive evacuation is lower than what current policy assumes. These policies may be overestimating the number of
people evacuating during a riverine flood event for unembanked areas, although evacuation fractions may be higher during
a more severe event. Furthermore, these findings align with Meyer et al. (2013), who noted that evacuation intentions
often do not emerge until actual warnings are received in the US. However, it should be noted that a large share of
respondents along the Geul river did not receive a warning, which highlights the need for an improvement of early warning
systems. In terms of operational communication and evacuation, people received information from a wide range of
sources and through a wide range of media. While social media were mentioned most frequently, more traditional media
(radio and television) and formal outlets (such as NLalert) remained important for people. As such, using the whole suite
of communication outlets continues to be relevant to warn and communicate with people. However, there is a group
structurally unwilling to evacuate, regardless of flood experiences or information provision. Almost half of the
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respondents who did not evacuate listed a lack of perceived danger as the main reason they were unwilling to evacuate,
which is in line with the findings of Nozawa et al. (2008) and Thompson et al. (2017). Moreover, our survey results
indicate the presence of a group of people who were flooded but did not receive warnings (either because no warning was
provided or because the warning did not reach them).

Besides evacuation, our survey results indicate that information provision and early warnings significantly contribute
to the uptake of FDM measures. Longer lead-time warnings are associated with higher adoption of emergency FDM
measures, such as placing barriers, moving vehicles to safe locations, or elevating personal possessions to higher floors.
41% of all respondents implemented emergency measures, whereas respondents in more downstream areas were more
often able to implement these measures. These findings are in line with the findings from Kreibich et al. (2017), where it
is shown that households in areas with longer lead times took more emergency measures during the 2013 floods in
Germany.

Individual risk perceptions are shown to often deviate from actual risk levels (Botzen et al., 2015). The share of
respondents who thought that the probability of a future flood was high or very high was three to four times higher than
respondents of previous Dutch surveys that were conducted in the absence of a recent flood event (Botzen et al., 2009;
Mol et al., 2020). These findings are not surprising, as flooding is often a trigger that causes households to update their
risk perceptions, after which they decline again (Haer et al., 2017; Bubeck et al., 2020; Mondino et al., 2020). In line with
Kreibich et al. (2017), our results indicate an association between prior flood awareness and household preparedness for
flooding. It also stands out that household preparedness against flooding in the Netherlands is low compared to other
countries. Around 6%-18% of participants added a structural measure to their homes, a number that is substantially lower
compared to France, Germany and New York City (Poussin et al., 2014; Kreibich & Thieken, 2007; Botzen et al., 2019).
Mol et al. (2020) offer an explanation for this relatively low household preparedness in the Netherlands; there is a high
confidence in flood protection standards, even though the majority of the flooded area was unprotected. Another reason
for the higher uptake in Germany compared to the Netherlands is that previous flood experience contributes to household
preparedness through the uptake of additional FDM measures (Kreibich & Thieken, 2007). As the previous flood events
in Limburg were relatively long ago (1993 and 1995) compared to the two consecutive floods studied by Kreibich and
Thieken (2007), the uptake of FDM measures may be lower. Flood risk perceptions increase shortly after flood events,
but tend to decrease within a few years (Bubeck et al., 2020; Mondino et al., 2020).

The analysis of damages to houses with and without FDM measures (both emergency and structural), yields valuable
insights into the effectiveness of these measures. The data reveal significant variations in average damage reduction for
both buildings and contents, ranging from approximately 25% (e.g., installing water pumps) to as much as 50% (water-
resistant building, elevating valuable household contents), although it is important to note that some measures are
dependent of the local impact (e.g., sandbags only work at lower inundation depths). Some measures are relatively cheap
to implement for residents and still lead to large damage reductions (e.g., water pumps, elevating possessions and
electrical appliances). Other European studies find damage reductions of a similar magnitude. Existing studies have used
the same methodological approach to determine the effectiveness of such measures, an independent t-test (e.g., Bubeck
et al., 2012; Kreibich et al., 2005; Kreibich & Thieken, 2009), where only some studies performed multivariate analyzes
(e.g., Hudson et al., 2014; Poussin et al., 2015). Future research could look more into the effectiveness of such measures
at different hazard levels. Taken together, these findings show that the substantial damage savings from household-level
flood risk reduction measures observed in other European countries also apply to the Netherlands.

Looting and burglary during flood events regularly make headlines and often cause emotional reactions. Our survey
indicates that this indeed happened during the 2021 floods, though at a small scale: only seven respondents noted damage
due to burglary. Generally, crime rates drop during extreme weather events (Lemieux, 2014; Yu et al., 2017). However,
we also find that looting and burglary influenced behavior and experiences to a larger degree: 41 respondents indicated
that burglary was the largest impact of the flood, and a non-trivial number of people indicated that fear of burglary was a
motivation not to evacuate.

It stands out that impacts on human health and economic damage were considerably lower in the Netherlands
compared to flood impacts experienced in Belgium and Germany during the same flood event in July 2021 (ENW, 2021).
The death toll in Germany was over 180 people (Kreienkamp et al., 2021), while in Belgium, the floods claimed the lives
of at least 39 individuals (Dewals et al., 2021). In Germany, insurance losses added up to more than €7 billion, of which
€450 million of damage to motor vehicles and €6.5 billion to residential buildings, household contents and businesses
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(Fekete & Sandholz, 2021). As almost all bridges in the Ahr Valley were destroyed, significant major critical
infrastructure losses occurred, which led to further business losses (Fekete & Sandholz, 2021). Economic losses in
Belgium were estimated at €1 billion, of which insurance claims are €350 million and losses to infrastructure were
estimated at €650 million (Szo6nyi et al., 2022). Multiple factors play a role in these damage differences between countries.
First, in Belgium and Germany much larger areas were affected with higher precipitation levels (ENW, 2021). The highest
(very locally) recorded two-day sum of precipitation in the Netherlands amounted to 140 to 160 mm, whereas the same
level of precipitation was faced in much larger areas in Germany and Belgium (ENW, 2021). In some areas, this number
was 200 mm, which corresponds to roughly double the monthly precipitation normally observed in these areas. (Dewals
et al., 2022). It is estimated that the same precipitation levels would have caused at least €2 billion of economic damage
in the Randstad area, the large metropolitan area in the western part of the Netherlands (de Bruijn et al., 2023). This
expected damage is still lower compared to the observed damage of more than €7 billion in Germany, which can be
explained by the fact that the Randstad area is relatively flat, which results in lower inundation depths over a larger area.
In contrast, the areas with extreme precipitation in Germany and Belgium had a much steeper topography compared to
the Netherlands. The narrow and often steep valleys led to rapid surface runoff on slopes, which led to fast-rising water,
high water levels and high flow velocities (Lehmkuhl et al., 2022). Water levels in Belgium often reached over two meters
(Dewals et al., 2022), where water reached the second floor for a large share of buildings in the Ahr Valley in Germany
(ENW, 2021). In comparison, most observed inundation depths in our study were below one meter.

Comparing disaster management, the German flood management was characterized by failures in the warning chain
(Fekete & Sandholz, 2021). A lack of coordination between different authorities resulted in ambiguous warnings for
residents of the flooded area. However, these warnings differed in timing, content and the number of issued corrections,
which has led to different interpretations by the recipients. Moreover, the issue of missing information was more often
quoted in July 2021 compared to the floods of 2013 in Germany (Fekete & Sandholz, 2021). According to our survey,
multiple authorities issued warnings as well, but there have been few reports of information ambiguity. However, similar
to Germany, some residents were not warned at all. Additionally, precautionary information provision about areas in
danger was incorrect in some cases in Germany and Belgium (Szényi et al., 2022). Some areas were not identified as
flood-prone in any Belgian flood scenario but still experienced severe flooding with more than two meters of inundation
depth, which surprised both local authorities and residents (Dewals et al., 2022). These inaccuracies in determining flood
prone areas have not been observed in the Netherlands (ENW, 2021).

4.2 Limitations

Concerning the representativeness of our sample, it is important to note that older people were overrepresented in our
sample compared to population statistics from Statistics Netherlands (CBS, 2022). Population statistics also show that
males were overrepresented; in Limburg, they comprise only 50% of the population compared to 64% in our study. This
phenomenon is also observed in other flood risk perception surveys in the Netherlands, these studies have shown a skewed
gender distribution towards males and older people (e.g., Terpstra & Gutteling, 2008; Botzen et al., 2009). A potential
explanation for this overrepresentation may be that the oldest male in the household may have felt more responsible for
answering the survey, where letters were addressed to the entire household.

Another limitation of this study is the overrepresentation of households that were directly affected by flooding
compared to households that only experienced indirect effects (e.g., through evacuation). A t-test has shown that postal
code areas where flooding has occurred have significantly (p<0.01)* higher response rates than areas where households
did not experience water intrusion. To account for this, we only report physical flood impacts for directly impacted
households. Moreover, to make sure we only report on individuals who faced some kind of flood threat, we only include
individuals where flood water entered their neighborhood for our analysis of evacuation behavior. However, our findings
on flood risk perceptions and psychological impacts should be interpreted with caution due to the overrepresentation of
flooded households, as we report these findings for all respondents.

11 1(113)=6.07
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4.3 Policy Implications

Our findings have several implications for disaster risk management policies. Our survey suggests that Dutch policies
currently overestimate the number of people evacuating during a flood event. We also note that a vast majority of people
who evacuated did not need help from authorities and did not use central evacuation centers. Many people evacuated to
the homes of friends or family and received help from them (or neighbors) during the evacuation. While central shelter
and aid remain important, social capital is essential during crises. Leaders in emergency management and aid
organizations should capitalize on this finding by facilitating these informal activities during the evacuation process.
Considering these findings, there is a need to adjust Dutch flood evacuation policies to better reflect real-world behavior,
including a reassessment of preventive and responsive evacuation procedures, communication strategies and resource
allocation. Additionally, it became apparent that early warnings play a significant role in the respondent’s evacuation
decision. Respondents who were not aware of an evacuation advice, evacuated significantly less, while there also is a
group structurally unwilling to evacuate. These results highlight the importance of improving emergency management
policies that focus on early warnings, concrete evacuation advice and increasing compliance with this evacuation advice.

The number of respondents who indicated that the perceived threat of burglary is substantially higher than the actual
reported occurrences of burglary. Additionally, respondents also indicated that this threat was a reason for them not to
evacuate. Looting does not occur at a significant scale, although a lot of media attention is given to this topic (Helsloot &
Ruitenberg, 2004). As such, the objective threat of burglary seems to be relatively small, but its impact on people and
their behavior warrants attention and action from crisis organizations and law enforcement during such events. The
objective and subjective threat is burglary is, therefore, a component to include in evacuation and crisis management.

The uptake of structural FDM measures is higher in the US, Germany and France compared to the Netherlands. The
reason for these higher numbers is, among other factors (e.g., flood experiences), the proactive governmental programs
that incentivize residents in flood zones to invest in flood-proofing measures. These programs raise awareness (e.g.,
provide flood risk information) and offer subsidies. Moreover, US residents who elevate their homes are eligible for lower
flood insurance premiums. The regional water authority in Limburg addresses the importance of structural flood-proofing
measures in their water management plan for 2022-2027. However, they do not specifically indicate how this will be
facilitated (Waterschap Limburg, 2021). Policies should further create awareness about objective flood risks, as these are
sometimes higher than subjective flood risks because of high confidence in Dutch flood protection standards, even though
protection standards along the tributaries of the main rivers are substantially lower compared to the main waterways'?
(Mol et al., 2020). Previous attempts in to update perceptions have proven to be ineffective (Kolen, 2013), which calls
for a more structural approach to address flood risk awareness. This awareness should also address more extreme flood
scenarios that are currently not always considered by regional water authorities, as it is the intensity and frequency of
flood events are increasing (IPCC, 2021). It is worth noting that flood events often serve as a catalyst for residents to
adopt more FDM measures. Our research findings underscore the pivotal role of increased awareness about flood risks in
driving the uptake of these adaptive actions, which has also been confirmed with the regression analyzes by Duijndam et
al. (2023). This heightened awareness not only promotes individual preparedness but also serves as a driving force behind
community resilience. Moreover, the positive effect of flood-proofing measures at the building scale and the experience
seen in other countries (including the positive benefits of cost ratios of flood-proofing measures; Poussin et al., 2015)
require that a more proactive policy is recommended.

In addition to the substantial damages experienced by our respondents, we observe that high levels of stress were
experienced by respondents following the floods. This high stress is most likely related to the destructive local impact of
the flood event, and respondents also indicated that the process of receiving compensation is an important contributor to
stress. These topics need further attention during the aftermath of a flood event (HKV, 2009). Our survey results illustrate
that residents may receive compensation from a variety of sources, including insurance and government compensation
arrangements. However, six months after the flood event, many respondents were still waiting for their compensation,
especially government compensation; this observation may add to the stress that residents experience after a flood event.
Quick and indisputable damage compensation arrangements will help reduce such post-disaster impacts. One way to
achieve this is by creating one central point for residents to quickly claim their compensation, after which insurers and
the government together share these costs. Dutch insurers do not allow insurance against flooding from main waterways

12 For instance, the Geul river has a protection standard of 1/25 years (Waterschap Limburg, 2021).
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(Meuse, Rhine and the sea) in the Netherlands because of challenges with attracting enough capital to cover losses from
low-probability high-impact flood events at affordable insurance premiums. If the protected area along the Meuse had
been flooded, a lot of households would not have received any form of insurance compensation. It is worthwhile for
Dutch insurers to explore if it is possible to insure flooding from these main waterways, potentially using a similar public-
private partnership approach already present in the UK.

4.4 Research Implications

This study provides an overview of survey results regarding the experienced flood and its impacts, evacuation
responses, undertaken FDM measures and their impact on flood losses, compensation, risk perceptions and stress. This
enables us to present an overall picture of individuals' experiences of and responses to the 2021 flood event in Limburg.
The following four topics for future research would allow more detailed insights into some of the themes covered in this

paper.

First, the effectiveness of FDM measures highly depends on water level, which is not controlled for in this study.
Performing a multivariate statistical analysis can provide an estimate of the various factors that influence the experience
of flood damage, including exposures, hazards, and vulnerabilities. Regarding the latter, such an analysis can offer more
robust insights into the effectiveness of FDM measures while controlling for other drivers of damage (e.g., Hudson et al.,
2014).

Second, we observe that substantial variations exist between respondents in whether they undertook specific FDM
measures, which allows an examination of the factors that explain individual decision-making about preparing for flood
events. Based of those results, more specific recommendations can improve individual preparedness for flooding.

Third, in addition to the households sampled for this paper, a substantial number of firms experienced direct and
indirect economic losses from the 2021 Limburg flood, which is relevant to analyze in future research because few
empirical studies cover the impacts of natural disasters on firms (e.g., Zhou & Botzen, 2021). Data on flood impacts for
firms has been collected as well. The aim of this additional data collection is to accumulate a sufficiently large sample to
obtain detailed insights into how firms were impacted by and prepared for the flood event.

Fourth, individual flood risk perceptions and levels of flood preparedness are inherently dynamic and often increase
in response to flood events, after which they decline again (Haer et al., 2017). Repeated surveys over time in areas affected
by floods may offer insights into these dynamics.

5 Conclusion

The goal of this study was to document and investigate the experiences of residents during and after the July 2021 floods
in the southern part of the Netherlands, with a focus on disaster management. Respondents from 1,509 households
completed the survey, of which about one-third experienced flood damage. This survey was conducted to answer the main
research question: “What lessons for flood risk management policy can be learned from the impacts on households during
the 2021 Summer floods in the Netherlands by analyzing the stages of the disaster management cycle?”

First, it stood out that disaster prevention was effective during the flood, as only households located outside the dikes
have been flooded. For disaster mitigation, it stood out that flood risk awareness is a determinant of the adoption of both
emergency and structural FDM measures. Respondents who informed themselves about flood risk employed significantly
more flood damage mitigation measures (e.g., placing barriers, building with water-resistant materials, elevating electrical
appliances). We found that these measures have the potential to reduce flood damage by 20% to 50%. Moreover, it is
found that flood risk perceptions directly after flooding are higher compared to respondents of other surveys in the
Netherlands, an increase that often fades away over time. These higher flood risk perceptions offer a window of
opportunity for policymakers to enhance mitigation and preparation for future flood events by stimulating FDM adoption.

With respect to disaster preparation, it is found that a large share of respondents was caught by surprise by flood waters,
especially those living in the more upstream flooded area along the Geul River, where water levels and economic damage
were considerably higher compared to other flooded areas along the Meuse, Roer and Geleenbeek rivers. Flood response
was characterized by relatively short warning times along the Geul River, if respondents were warned at all. These
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warnings contribute to disaster response in the form of both adaptation and evacuation behavior. Respondents who were
aware of an evacuation advice evacuated significantly more often compared to respondents who were not aware.
Generally, little centralized help was needed with evacuation, with few respondents noting assistance from aid workers
and few moving to central evacuation centers. Most respondents received help from friends and family for evacuation
and accommodation. Moreover, respondents who had more time between the flood warning and flooding were able to
take more emergency flood damage mitigation measures, calling for more coordinated transboundary early warning
systems, long lead times and warnings that give residents perspective on how to act (e.g., evacuating, safeguarding
personal possessions, placing barriers, moving vehicles).

Recovery from flood damages generally took more than six months for just over half of the respondents, although
some expected repairs to take more than a year. Compensation for damages came from private insurance (car, home
contents, or homeowner's insurance), the National Disaster Fund, and the CCA. Overall, respondents expected 60% of
damage to be compensated; hence, 40% was not expected to be compensated. Compensation through private car insurance
had been almost fully paid at the time of the survey (six to eight months after the event). In addition to economic damage,
a diverse range of impacts were experienced. About one-third of all respondents were still undergoing impacts six months
after the flood event; these were mainly related to building damages, compensation, and uncertainty or fear about future
floods.

The descriptive approach in this study also forms the basis for follow-up studies that support flood damage modeling
as well as investigations into individual decision-making and perceptions related to flood events and taking risk reduction
measures. The results of this study can guide risk assessments (e.g., by considering more extreme flood scenarios) and
inform emergency management planning. For example, the sources and media used for communication and the self-
reliance observed herein should be considered, as should factors that disproportionally affect people (such as fear of
burglary). Particularly, the compensation system deserves some attention, as the diverse sources of compensation, their
specific eligibility criteria and insufficient speed of reimbursement cause substantial stress among respondents even half
a year after the event.
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Figure Al: Percentage of respondents who employed several emergency measures; regional data is based on answers
from respondents who provided postal code data.
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Figure A2: Average number of FDM measures taken per household (Panel A), also shown for emergency FDM measures
(Panel B) and structural FDM measures (Panel C) based on data for households per postal code area (N = 971).
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