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A B S T R A C T

Flood risk management is becoming increasingly important, because more people are settling in flood-
prone areas, and flood risk is increasing in many regions due to extreme weather events associated with
climate change. It has been proposed that appropriately designed flood risk communication campaigns
can stimulate floodplain inhabitants to prepare for flooding, and encourage adaptation to climate change.
However, such campaigns do not always result in the desired action, and the effectiveness of
communication in raising flood risk awareness and improving flood preparedness has hardly been
studied. We evaluate different flood risk communication strategies, using an agent-based modelling
approach, which is especially suitable for examining the effect of communication on each individual, and
how flood risk communication can propagate through an individual’s social network. Our modelling
results show that tailored, people-centred, flood risk communication can be significantly more effective
than the common approach of top-down government communication, even when tailored
communication reaches fewer individuals. Furthermore, communication on how to protect against
floods, in addition to providing information about flood risk, is much more effective than the traditional
strategy of communicating only about flood risk. Another main finding is that a person’s social network
can have a significant effect on whether or not individuals take protective action. This leads to the
recommendation that flood risk communication should aim at exploiting this natural amplifying effect of
social networks, for instance, through the use of social media.
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1. Introduction

The severity and frequency of floods is expected to increase in
many regions around the world as a result of climate change (IPCC,
2012) and economic and population growth in flood-prone regions
(Jongman et al., 2012). It is becoming increasingly important to
communicate the risks of flooding to communities living near
rivers and coasts (IPCC, 2012), and to motivate those at risk to
better prepare for flooding (Botzen and Van den Bergh, 2009;
Kunreuther and Michel-Kerjan, 2011; Poussin et al., 2014).
Although the importance of flood risk communication is widely
acknowledged, little is known about the effectiveness of flood risk
communication, as is apparent from a literature review on flood
risk perceptions by Kellens et al. (2013). It is only recently that
several studies have attempted to fill this gap, by applying
questionnaires to analyse the effect of different risk communica-
tion strategies on risk perceptions and intentions to prepare for
flooding (Botzen et al., 2013; De Boer et al., 2014a,b). These studies
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show that information tailored to the specific needs of an
individual has an important influence on risk perceptions.
Moreover, they find that risk communication can stimulate
individuals to take measures that reduce flood risk, such as
structural flood risk mitigation measures, flood-adapted building
use, deployment of flood barriers, and/or purchase of flood
insurance (Botzen et al., 2013; De Boer et al., 2014a,b).

Risk communication is commonly done by governments and
organisations who disseminate information about floods in a top-
down manner through guidelines, information brochures, media
campaigns, and internet websites, which individuals may or may
not read or receive (Fekete, 2012). Examples are the flood zone
maps that delineate flood-prone areas and their flood probabilities
provided by the Federal Emergency Management Agency in the
United States (www.fema.gov) and the flood maps produced for
the European Union Floods Directive. To a lesser extent, informa-
tion on coping responses is provided, such as the effectiveness of
the measures that people can take to protect themselves against
floods. A recent study on communication strategies in England, the
Netherlands, and Flanders showed that top-down government
campaigns have not been very successful in motivating people to
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take protective measures against flooding (INTERREG, 2013). These
campaigns were partly ineffective because they did not address the
different attitudes that people have towards flooding because of
their cultural differences and local circumstances (Burningham
et al., 2008; Martens et al., 2009).

The need for people-centred risk communication, which
focuses on the specific needs of different people, as opposed to
a one-size-fits-all government campaign, was acknowledged by
the IPCC (2012) to be a key factor in disaster risk reduction. In
particular, local risk perceptions and local framing of risk should be
included in communication processes. According to the IPCC
(2012), risk communication should achieve the aims of both
informing people about their particular risk and engaging the
stakeholders in the identification of possible solutions. While the
traditional top-down approach offers little opportunities for this,
individual or community-based approaches can address the
heterogeneous needs of individuals, and offer a means to provide
tailored information on risk perception and coping measures (Bier,
2001; Martens et al., 2009; Terpstra et al., 2009). By providing
tailored information, people are then enabled to assess their own
risk situation, and are provided with the means to make informed
decisions on the appropriate actions to take (Kellens et al., 2013).

Furthermore, there is a growing recognition in the scientific
literature of the role of an individual’s social network and social
context in decisions about protecting against risk (Bubeck et al.,
2013; Figueiredo et al., 2009; Kunreuther et al., 2013; Lara et al.,
2010; Lo, 2013; Van der Linden, 2015). For example, both Lo (2013)
and Bubeck et al. (2013) found that, in addition to risk perception,
the expectations and adoption of flood risk reduction measures in
the social networks of individuals are important determinants of
individual flood preparedness. Kunreuther et al. (2013) found
similar results in a laboratory experiment, where the major driver
of an individual to invest in disaster risk reduction was the average
investment level of his/her neighbours. Moreover, Van der Linden
(2015) found that an individual’s actions towards extreme weather
risks amplify throughout his/her social network. Lara et al. (2010)
found clear evidence for the relation between social involvement
and the willingness to take action against floods. These studies
show that social networks not only serve as a stimulus for taking
action, but also convey information.

An improved understanding of the effectiveness of flood risk
communication, as well as of the influence of a person’s social
network on this effectiveness, can provide valuable insights for
flood risk management policies. This study examines both of these
themes by applying an agent-based model, as advocated by
Martens et al. (2009). This method is especially suitable for
modelling the interaction between social networks on a micro-
scale (household) level, and for analysing the emerging flood risk
reduction and diffusion of information on a meso- or macro-scale
(An, 2012). Although these models are only an approximation of
the full complexity of human behaviour, agent-based models are
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Fig. 1. A schematic overview of Protection Motivation Theor
especially useful for disentangling specific behavioural processes,
as is of interest here. While agent-based models have previously
been applied to investigate the diffusion of information (e.g. Macy
and Willer, 2002; Rahmandad and Sterman, 2008), and flood risk
management (i.e. Dawson et al., 2011; Filatova, 2013), we present
here the first application specifically for flood risk communication
purposes. The theoretical basis for individual flood-preparedness
decisions is provided by Protection Motivation Theory (Rogers,
1983).

Protection Motivation Theory, shown schematically in Fig.1, has
become an important socio-psychological model of individual
flood risk-preparedness decisions (Bubeck et al., 2012; Grothmann
and Reusswig, 2006; Koerth et al., 2013; Poussin et al., 2014). For
the study presented here, it offers a useful framework to analyse
how flood risk communication, as a form of verbal persuasion, can
influence a person’s threat or coping appraisal, and how flood
preparedness is affected. Communicating for instance the proba-
bility of a flood, as is done by the FEMA flood maps in the United
States, aims to change people’s threat appraisal. Communicating
about the costs and the effectiveness of certain protection
measures aims to change people’s coping appraisal. We estimate
the effectiveness of communication strategies by the implemen-
tation rates of different disaster risk-reducing measures. Moreover,
the influence of the social network is estimated by including and
excluding social networks of agents. By investigating different
general types of flood risk communication strategies, the results
can be used for making recommendations for the overall design of
flood risk communication campaigns.

2. Methods

We developed an agent-based model to capture the effective-
ness of flood risk communication and the influence of social
networks. The applied modelling software is NetLogo V 5.2.0
(Wilensky, 1999). The model simulates how and when households
take protective action and it evaluates the effectiveness of different
flood risk communication strategies. Each simulation runs for
7 years with time-steps of 1 year and each stochastic simulation
run is repeated 100 times. The 7-year period represents a realistic
period for flood risk communication campaigns in the Netherlands,
such as the ‘The Netherlands lives with water’ campaign
(INTERREG, 2013). The model is applied to households in the
outer-dike areas in the Rotterdam-Rijnmond region, shown in
Fig. 2. The case-study area serves as an example from which we
derive specific results for the region, and more general lessons that
are transferable to flood-prone regions around the world. Different
social, cultural and political conditions in other regions may imply
that flood risk communication campaigns produce different
results. To facilitate the reproducibility of the model, a technical
description is given in supplement A following the ODD (Overview,
Design concepts, Details) protocol by Grimm et al. (2010, 2006).
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Fig. 2. The Rotterdam-Rijnmond area (left), and its position in the Netherlands (right). Areas that are not embanked are shown in dark gray. Houses outside the embankments
included in this case-study are shown in red.

Table 1
Household attributes and attitudes that are part of Protection Motivation Theory (Adapted from Bubeck et al. (2013)).

Household
attribute (i)

Description Attitude levels (a)

Social networka Individuals in a household’s social network have implemented flood
mitigation measures

1-none of them; 2-few of them; 3-some of them; 4-most of them

Response efficacy Household’s estimate of the effectiveness of a specific flood mitigation
measure

1-ineffective; 2-rather ineffective; 3-rather effective; 4-effective

Self-efficacy Household’s estimate of its own ability to actually implement a specific
flood mitigation measure

1-unable; 2-rather unable; 3-rather able; 4-able

Perceived
probability

Perceived probability of a flood event occurring at the household’s
residence

1-unlikely; 2-rather unlikely; 3-rather likely; 4-likely

Perceived
consequence

Perceived consequence of a flood event 1-not bad; 2-rather not bad; 3-rather bad; 4-bad

Avoidance Household hopes not to be affected by a flood event in the future 1-does not apply to me; 2-rather does not apply to me; 3-rather applies
to me; 4-applies to me

Wishful thinking Household’s belief in sufficient protection through technical flood
defences

1-does not apply to me; 2-rather does not apply to me; 3-rather applies
to me; 4-applies to me

Postponement Flood mitigation is generally considered as wise, but implementation is
postponed to the future

1-does not apply to me; 2-rather does not apply to me; 3-rather applies
to me; 4-applies to me

Protected area Household lives in an area that is protected by technical flood defences 1-yes; 0-no
Income Income categories 1-above s4500; 0-below s4500
Age Age categories 1 = 1-16; 2 = 25-34; 3 = 35-44; 4 = 45-54; 5 = 55-64; 6 = 65 and above
Flood experience Household flood experience 1-yes; 0-no

a The variable social network is originally defined as ‘social environment’ by Bubeck et al. (2013).

1 Examples of structural flood mitigation measures are elevating entrances, and
installing tile floors. An examples of flood-adapted building use is moving
vulnerable equipment, like dishwashers, upstairs.
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2.1. Case study: Rotterdam-Rijnmond, the Netherlands

Although most households in the Netherlands are generally
well protected against floods by dike-rings, the outer-dike areas
are not protected, and are thus susceptible to flooding. Risk
communication to increase preparedness is therefore of particular
importance in the outer-dike areas, especially since risk percep-
tions are generally low in the Netherlands (Botzen et al., 2009).
Two major risk communication campaigns took place in the
Netherlands to raise flood risk awareness and stimulate individuals
to better prepare for floods: namely, ‘the Netherlands lives with
water’ launched in February 2003, and ‘think forward’ launched in
2006. A recent study showed that, although both campaigns raised
awareness about flood risk, they were not successful in causing
behavioural change, resulting in a lack of flood preparedness
(INTERREG, 2013). One of the main limitations of both campaigns
was that they were mostly government-controlled top-down
programmes, which failed to address the heterogeneous need for
information from the public (INTERREG, 2013). This makes
Rotterdam-Rijnmond an interesting case-study region for evaluat-
ing the performance of different flood risk communication
strategies.
2.2. Household flood-preparedness decisions

Each year (one time-step), households decide in a random order
whether they implement structural flood mitigation measures1,
flood-adapted building use1, deployment of flood barriers, and/or
purchase flood insurance. Structural measures and flood barriers
are permanent home improvements. The flood insurances and
adaptive building use remain valid until a household moves.
Households are assumed to move after 7 years, which is the
average in the Netherlands according to the Society of Dutch Real-
Estate Agents (Nederlandse Vereniging van Makelaars, 2004). At
model initialisation, the period that a household has already lived
at that location is set to a period of 1–7 years, following a uniform
random distribution. As migration issues are not the focus of this
study, it is assumed that a household moves out of the case study
area. In the model, a household h has a yearly probability
ph,implementation to implement one or more of the protective



T. Haer et al. / Environmental Science & Policy 60 (2016) 44–52 47
measures. Equation 1 determines the odds of implementation and
equation 2 transforms the odds into probability ph,implementation.
Households have a different ph,implementation for each measure.

Oddsh;implementation ¼ C �
YI

i¼1

ORai;h
i ð1Þ

ph;implementation ¼ Oddsh;implementation

1 þ Oddsh;implementation
þ pnoise ð2Þ

here, ORai;h
i , is a value for the change in odds (odds ratio, OR) of

implementing a measure, for each attribute i, for each attitude a
related to attribute i, and for each household h. C is a base constant,
which together with the calibration values for the odds ratios are
provided in the supplement A (the ODD protocol). The variable
pnoise introduces a small element of random behaviour with a
probability which we assume to range from �5% to 5%. The
attributes i and possible attitudes a for each household are
provided in Table 1. This Table of attributes and possible attitudes is
derived from a study by Bubeck et al. (2013), which presents
unique empirical data from a survey of 752 households in
floodplains. As the study specifically investigated how the
Protection Motivation Theory attributes (Fig. 1) influence the
implementation of flood-preparedness measures, it provides a
solid empirical basis for our study. For more details on how the
survey was conducted, which questions were asked, and how they
lead to the odds ratios, we refer to the study by Bubeck et al. (2013)
itself. Furthermore, previous studies have shown that there is a
threshold of perceived threat that needs to be overcome before
households take protective measures (Bubeck et al., 2012;
Grothmann and Patt, 2005; Kunreuther and Pauly, 2006). To
represent this, ph,implementation is reduced to pnoise if the attitude level
for ‘perceived probability’ is ‘unlikely’ or ‘rather unlikely’, or if the
attitude for ‘perceived consequence’ is ‘not bad’ or ‘rather not bad’.

To reflect heterogeneity, households have different attitude
levels a for each attribute i, leading to a different probability of
implementing measures for each household (see equation 1).
Households are assigned attitude levels a from a uniform random
distribution for ‘response efficacy’, ‘self-efficacy’, ‘response costs’,
‘avoidance’, ‘wishful thinking’, and ‘postponement’. Since research
shows that the perceived flood risk in the Netherlands is low
(Botzen et al., 2009; Terpstra and Gutteling, 2008), initial attitude
levels a for ‘perceived probability’ and ‘perceived consequence’ are
set, respectively, to ‘unlikely’ and ‘not bad’ for all households. All
case-study households are outer-dike households, so the
Table 2
Flood risk communication strategies.

Scenario Description Probabilities Effect

NC No flood risk communication – None
TD-R Top-down strategy focussed on risk p-reach: N

(0.8, 0.05)
p-success: N
(0.2, 0.05)

Raises attitude a 

TD-RC Top-down strategy focussed on risk
and coping options

p-reach: N
(0.8, 0.05)
p-success: N
(0.2, 0.05)

Raises attitude a 

perceived respon

PC-R People-centred strategy focussed on
risk

p-reach: N
(0.2, 0.05)
p-success: N
(0.8, 0.05)

Raises attitude a 

information need

PC-RC People-centred strategy focussed on
risk and coping options

p-reach: N
(0.2, 0.05)
p-success: N
(0.8, 0.05)

Raises attitude a 

perceived respon
‘protected area’ attitude equals 0. Since no major flood has
occurred recently in the Rotterdam-Rijnmond outer-dike area,
households have no ‘flood experience’, meaning that the attitude
level a equals 0. The income and the location of the households are
determined from spatial BAG data (http://www.kadaster.nl/BAG)
and data from Statistics Netherlands (Centraal Bureau voor de
Statistiek, 2012). The income variable of households is assigned a
value of 0 when their gross income is below s4500 per month, and
a value of 1 when their income is above s4500 per month. The
benchmarks for the ‘social network’ are related to the percentage
of outer-dike individuals in the social network who adopt flood
protection measures. This variable is set at 0%, 0–25%, 26–50%, and
>50% for, respectively, ‘none of them’, ‘few of them’, ‘some of them’,
and ‘most of them’.

2.3. Social networks

Real-world social networks (i.e. not virtual) in the Netherlands
are in general quite locally-orientated, with, on average, 53% of a
person’s social ties, excluding neighbours, living within 15 min
travel distance (Volker and Flap, 2007). Family and friends often
live close-by (Dekker, 2007), and neighbours are well represented
in a person’s social network (Bras and van Tilburg, 2007;
Mollenhorst, 2015). All �35,000 households in the outer-dike
region are represented as individual agents in the model. To
provide a realistic representation of social networks in the
case-study area, we built upon the results of a number of studies
on social networks in the Netherlands (Bras and van Tilburg, 2007;
Dekker, 2007; Mollenhorst, 2015; Van den Berg et al., 2014; Volker
and Flap, 2007). For each household h, the social network size sh
and the percentage of neighbours pnh (i.e. households in the same
neighbourhood, as defined by Statistics Netherland, CBS) in the
social network are drawn from a random-normal distribution. The
mean and standard deviation of this normal-distribution corre-
spond to those of the different social network sizes and percentage
of neighbours reported by the aforementioned studies. Each
simulation run is set up such that each household h is linked to
other households, in a way that the social network size for that
household is sh and the percentage of neighbours is pnh. Details on
the calibration, and the pseudo-code for setting up the social
networks, can be found in the ODD protocol provided in
Supplement A.

2.4. Flood risk communication

We evaluate four flood risk communication strategies com-
pared with a baseline scenario, shown in Table 2. These strategies
for perceived probability and perceived consequence without priority

for perceived probability, perceived consequence, perceived self-efficacy and
se efficacy without priority

for perceived probability and perceived consequence on the basis of priority of

for perceived probability, perceived consequence, perceived self-efficacy and
se efficacy on the basis of priority of information need

http://www.kadaster.nl/BAG
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are based on common practice (focus on risk) and advocated best
practice (focus on risk and coping options), and based on the two
principle ways of delivering information: namely, top-down and
people-centred. Households only change their attitude levels a if
(1) communication reaches them, for which the probability is
given by p-reach and (2) communication is successful in changing
attitude, for which the probability is given by p-success. To reflect a
communicatively intensive people-centred approach versus a less
communicatively intensive top-down approach, it is assumed that
resource constraints limit the probability that households can be
reached, p-reach, and that this number is inversely related to the
probability, p-success, of successfully changing attitude levels a (i.e.
if p-reach = 0.8, then p-success = 1-0.8 = 0.2). During each simulation
for the TD-R and TD-RC strategies, p-reach and p-success are drawn
from the random-normal distribution: p-reach � N(M = 0.8,SD =
0.05) and p-success � N(M = 0.2,SD = 0.05). The random-normal
distribution causes p-reach and p-success to vary slightly for each of
the 100 repetitions for each scenario, representing the uncertainty
of our assumption. This is vice versa for people-centred strategies
(PC-R and PC-RC), representing a more communicatively intense
approach: p-reach � N(M = 0.2,SD = 0.05) and p-success � N(M = 0.8,
SD = 0.05). Because empirical data to support these perhaps
important assumptions is largely absent, we performed a
sensitivity analysis that tests the full range of settings for p-reach
and p-success (Supplement B)

If communication reaches a household, and it is successful in
causing attitude change, then households change their attitude
levels a for different attributes i. To overcome the lack of empirical
data on flood risk communication, and to make the inter-
comparison between communication strategies possible, we
NC TD−R TD−RC PC−R PC−RC
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Fig. 3. Percentage of households that implement disaster risk reduction measures after 7
down strategy focussed on communicating risk. TP-RC: top-down strategy focussed on co
on communicating risk. PC-RC: People-centred strategy focussed on communicating b
therefore assume that the magnitude of attitude change is similar
for all communication strategies, and only the way in which
attitude is changed differs. The communication strategies only
focussing on risk, (TD-R and PC-R) raises the attitude a for the
perceived consequence and perceived probability attributes of
households h, which are threat appraisal attributes as shown in
Fig. 1. The communication strategies that focuses on both threat
and coping appraisal (TD-RC and PC-RC) also raise the attitude a for
perceived self-efficacy and perceived response efficacy, which are
coping appraisal attributes. As the top-down strategy targets a
broad audience, it is assumed that the ability to determine the
heterogeneous information need is limited, and therefore com-
munication strategies targets the different attributes without
prioritizing. For the personal communication strategies, it is
assumed that the information need is determined upfront and
therefore communication is prioritized to change the attitude a for
needed attributes i (see Bier, 2001). Details and pseudo-code for
the communication strategies are provided in Supplement A.

3. Results

3.1. Effectiveness of the communication strategy

Fig. 3 presents box-whisker-plot results on the implementation
rates of the four flood-preparedness measures under each flood
risk communication strategy. The baseline scenario in which no
communication strategy is applied leads to a mean implementa-
tion rate of 4.0%, 1.7%, 0% and 1.8% for, respectively, structural risk
mitigation measures, flood barriers, flood insurance, and adaptive
building use. The top-down communication strategy that only
NC TD−R TD−RC PC−R PC−RC

ication strategy

b) Adaptive building use 

d) Flood barriers

 years under different communication strategies. NC: No communication. TD-R: top-
mmunicating both risk and coping options. PC-R: People-centred strategy focussed

oth risk and coping options.



T. Haer et al. / Environmental Science & Policy 60 (2016) 44–52 49
focuses on risk, only results in slightly higher mean implementa-
tion rates, i.e. 9.4%, 5.9%, 1.5%, and 4.7% respectively. These results
are qualitatively in line with the findings by Terpstra and Gutteling
(2008), who reported a low level of engagement by Dutch citizens
in flood protection activities, measured on five-point likert scales.

Of special interest is the inter-comparison of the mean
implementation rates of flood-preparedness measures as a result
of the different communication strategies. The mean results for
each communication strategy are statistically significantly differ-
ent (p < 0.001) for each measure, except when comparing the TD-R
and PC-R strategies. These strategies show only significantly
different results for flood barriers (p < 0.001). Furthermore,
considering the great dispersion for the PC-RC strategy, we
calculated the Coefficient of Variance (CV) to analyse if the relative
dispersion around the means differs for each strategy (except for
the ‘No communication’ strategy, as the mean is equal or near
zero). We found that the CV, across measures, is 25–37% (TD-R),
26–43% (TD-RC), 25–37% (PC-R), and 20–29% (PC-RC). This shows
that the dispersion is comparable for the communication
strategies. The simulation results in Fig. 3 show higher mean
implementation rates when communication also addresses coping
appraisal: that is, information on the effectiveness and the costs of
a particular measure. Top-down communication strategies that
target both coping appraisal and risk awareness (TP-RC) lead to
slightly (0.1–2.5 times) higher mean implementation rates than
those which only focusing on risk awareness (TP-R). Comparing the
two people-centred strategies (PC-RC, PC-R) shows a 3.0–6.5 times
higher mean implementation rate. The effect is larger for flood
barriers and flood insurance than for structural measures and
adaptive building use. As the model was calibrated with empirical
data and the assumptions are straightforward, it builds a strong
Fig. 4. Comparison of the implementation rates of disaster risk reduction options ov
shading = standard deviation). The results are shown for simulations including and exclud
on communicating risk. TP-RC: top-down strategy focussed on communicating both risk 

PC-RC: People-centred strategy focussed on communicating both risk and coping optio
case for communication strategies that focus on both raising risk
awareness and coping appraisal. The model results presented here
support the conclusions by previous survey studies (Bubeck et al.,
2012; Grothmann and Reusswig, 2006; Poussin et al., 2014) that
coping appraisal is strongly related to protective behaviour, and
therefore it is fruitful to integrate and emphasise information on
protective action in flood risk communication.

Another important distinction in the communication strategies
is between government-controlled top-down communication
versus people-centred communication. The agent-based model
allowed us to analyse the effect of changing the specific attitudes of
households. Our mean simulation results (Fig. 3) show that,
considering our assumptions on communication resource con-
straints, a tailored people-centred approach focussing on both
threat and coping appraisal aspects could be 2.5 times more
effective as the one-size-fits-all top-down strategy. These results
indicate that the identification of different attitudes and subse-
quent appropriate risk communication strategies can have a
significant advantage over top-down communication. Our results
support the arguments by Bier (2001),Martens et al. (2009), and
the IPCC (2012) about the importance of identifying the informa-
tion needs of the public in designing tailored risk communication
campaigns.

Because uncertainty remains considering the chosen variables
p-reach and p-success, we provide a sensitivity analysis in
Supplement B. The analysis shows that in a direct comparison
over the full range of p-reach and p-success, the people-centred
approach always outperforms the top-down approach, and
focussing on coping and threat appraisals outperforms only
focusing on threat appraisal. This is also true when comparing
the inverse p-reach and p-success for people-centred and top-down
er time, under different communication strategies (100 repetitions; line = mean;
ing the social networks. NC: No communication. TD-R: top-down strategy focussed
and coping options. PC-R: People-centred strategy focussed on communicating risk.
ns.
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strategies. As an illustration, the PC-RC strategy with p-
reach = 0.2 and p-success = 0.8 is still more effective than the TD-
RC strategy with p-reach = 0.9 and p-success = 0.3. While the
absolute values presented in Fig. 3 should be considered with
caution, the sensitivity analysis provides confidence in the
robustness of the inter-comparison of results.

3.2. Influence of the social network on the effectiveness of
communication

In addition to the effect of flood risk communication, actions
taken by the households themselves influence the actions in a
social network dynamically over time. People’s tendency to
implement protective measures increases when they see their
neighbours, friends, and relatives implementing measures, either
when observing the actions of others, or by verbal persuasion
(Bubeck et al., 2013; Kunreuther et al., 2013; Lo, 2013; Van der
Linden, 2015). To examine the effect of social interaction, we ran
the simulations without the ‘social network’ attribute. This
simulation reflects a situation where the decision about protective
measures is not influenced by either verbal persuasion or
observational learning of actions taken in the households’ social
network. As such, the use of the agent-based model allowed for the
analysis of the propagation of the effect of flood risk communica-
tion through a social network. Fig. 4 presents a comparison of the
results for including and excluding the ‘social network’ attribute.

A comparison of means furthermore shows that when the
‘social network’ is excluded, at the end of the simulation, adaptive
measures are implemented 0.5–5.0% percentage points less, flood
insurance 0–2% percentage points less2, flood barriers 0.7–11.6%
percentage points less, and structural measures 1.0–8.3% percent-
age points less. The people-centred communication strategy
focussing on both threat and coping appraisal is at the high end
of these results. Overall, Fig. 4 shows that up to �12% of the mean
implementation rates can be attributed to the influence of one’s
social network. A sensitivity analysis provided in supplement B
shows that these results hold for different benchmarks of the
‘social network’ attribute. The results indicate that the social
network effect results in higher implementation rates of protective
measures. The order of effect found here supports the case made by
Lo (2013) and Figueiredo et al. (2009) that the perceived social
norms and context, related to a person’s social network,
significantly influence whether or not a person will take protective
measures. With these results, we were able to show how the
amplification of risk perceptions as described by Kasperson et al.
(1988) could strengthen flood risk communication strategies. Our
findings support the notion of Kasperson et al. (1988), that the
transfer of information through the ‘interpersonal network’ via
verbal persuasion or observational learning can lead to a
behavioural response, which in this case is the implementation
of protective measures. Importantly, our model results are in line
with the findings by Van der Linden (2015) that the more people
there are in a person’s social network who recognise and act upon a
risk, the more the individual’s perception is amplified and
intensified, which in turn leads to a higher potential for action.

4. Discussion and policy implications

Designing effective flood risk communication policies can
have a large societal value in many areas around the world. This is
illustrated by estimates of global flood risk of about 46 trillion
USD, which may rise to 158 trillion in 2050 on account of
2 For the ‘no communication’ scenario, flood insurance implementation rates are
0% in both model runs.
socio-economic change alone (Jongman et al., 2012). Appropriately
designed flood risk communication policies could play an
important role in stimulating the flood-preparedness of individu-
als and, thereby, limit flood damage. Nevertheless, few empirical
studies have examined the effectiveness of flood risk communica-
tion (Kellens et al., 2013). Furthermore, most existing studies on
this topic lack a sound theoretical underpinning (Kellens et al.,
2013). This study has unravelled some key dynamics of flood risk
communication by applying an innovative agent-based model, as
advocated by Martens et al. (2009), which is firmly based on
Protection Motivation Theory.

The applied methodology offers a new approach for evaluating
flood risk communication strategies before implementation. Since
agents are constructed to represent real-life heterogeneity (An,
2012) of attitudes toward risk and coping measures, the approach
allows for a comparison to be made between a traditional top-
down communication strategy and people-centred strategies that
make use of this heterogeneity. Moreover, the capability of
modelling interaction and feedback amongst this heterogeneous
population (An, 2012) makes it possible to analyse the influence of
social networks. While empirical data on flood risk communication
is lacking (Kellens et al., 2013), the availability of empirical data on
individual behaviour has made it possible to analyse a specific case
study in detail, and, if calibration data is available for other regions,
the overall methodological approach can be transferable to other
floodplains.

While it is the strength of the agent-based model that we can
compare different communication strategies in-silico, the ap-
proach is still limited by the lack of empirical data on flood risk
communication. Therefore, the absolute values presented in this
study of the effectiveness of a communication strategy are
associated with uncertainty. To make the analysis robust, we
made sure that the communication strategies are comparable
based on reasonable assumptions, and we tested a large range of
communication variable settings with a sensitivity analysis. Three
main policy recommendations follow from this inter-comparison
of the results, which could inform the efforts of, for instance, the EU
Flood Directive and FEMA to reduce the risk associated with
climate change and natural hazards. First, flood risk communica-
tion campaigns should not only focus on communicating the risk,
but also on communicating the coping capabilities of individuals.
Our results supports previous recommendation, that, providing
details on, for instance, the types of measures that are available to
limit flood risk, or how they can be implemented, facilitates
protective behaviour (Bubeck et al., 2013; Poussin et al., 2014). This
study shows that such an approach can be up to 0.1–6.5 times more
effective than focussing on risk alone. Nevertheless, communicat-
ing the risk (probability and consequence) of a flood is needed to
raise threat appraisal above a certain threshold level of concern
(Bubeck et al., 2012; Grothmann and Patt, 2005; Kunreuther and
Pauly, 2006).

Second, preference should be given to people-centred commu-
nication over top-down communication. The results presented in
this study show that a people-centred campaign focussing on both
threat and coping appraisal aspects leads to 2.5 times more
implemented risk reduction measures compared with a top-down
campaign. Even though the reach can be higher in top-down
communication, the overall effectiveness is expected to be lower.
This can be explained by the inability of the top-down strategy to
address the specific risk perceptions and concerns of individuals
and communities (Bier, 2001) while, in contrast, a people-centred
approach can be designed to address the information needs of the
public (IPCC, 2012).

Third, consistent with other literature on information diffusion
(Macy and Willer, 2002; Rahmandad and Sterman, 2008), the
results show that the effect of flood risk communication can
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propagate through a social network. This implies that the design of
flood risk communication strategies should incorporate or
facilitate the propagation of information and behaviour through
a social network. While one can think of different ways to achieve
this, such as actively motivating people to communicate about
their (intended) actions to their network, an important part could
be played by social media. The potential benefits of using social
media in disaster response, such as reach and fast dissemination of
information, has already been shown (Sutton et al., 2008; Vieweg
et al., 2010). Since social media allow for a wide-scale interaction
between individuals, organisations, and the government, it serves
as an extended social network through which information can
propagate. Keim and Noji (2015) recently argued that because of
the benefits of social media, they need to be fused into existing
institutional programme’s for crisis informatics and disaster risk
management. While Keim and Noji (2015) mainly discuss disaster
response, the same arguments apply for pre-disaster risk reduc-
tion, because social media offer an entrance into social networks
through which accurate information can steer protective efforts.

Even though these aforementioned general lessons can be
broadly applicable, risk communication strategies should be tailor-
made to reflect the local context. Risk communication can serve a
range of purposes, such as building trust in the communicator,
raising awareness, educating, reaching agreement, and motivating
action (Rowan, 1991). This means that different strategies might be
appropriate for different goals (Bier, 2001), and it means that the
actual design of the message needs to be tailored to each specific
case. For instance in the Netherlands, a survey by Terpstra and
Gutteling (2008) showed that even though Dutch citizens are
receptive to disaster-preparedness communication, they consider
protection against flood as a major responsibility for the
government. This suggests that, for the Netherlands, communica-
tion should be designed to stress that Dutch citizens themselves
are also responsible for protecting their belongings. While this
example is specific for the Netherlands, such regional-specific
effects must be taken into account for each area for which flood
risk communication campaigns are designed.

5. Conclusion

This study presents an innovative agent-based model capable of
unravelling some of the key aspects that determine the effective-
ness of flood risk communication. The general approach is
applicable to regions around the world, although empirical input
data is needed for modelling specific regions. Three main
recommendations for flood risk communication strategies follow
from our findings. First, people-centred flood risk communication
is expected to be more effective than top-down communication,
even when it reaches fewer people. Second, communicating about
both the risk of floods and how to cope with floods is expected to be
more effective than communicating about risk alone. Third,
propagation of the effect of communication through a social
network should be stimulated by, for instance, the use of social
media. We recommend that future research should focus on
obtaining empirical data for calibrating the model to other regions
of interest.
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