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Hydrological risk: modeling flood memory and human

proximity to rivers
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ABSTRACT

Recent literature in sociohydrology has shown the important role of flood memory in shaping

hydrological risk. In this paper, we present a system dynamics model of human-flood interactions
that simulates how the river proximity of human settlements is altered by changes in flood memory.
We also compare our model outcomes with an unprecedented dataset consisting of historical and
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archeological observations of human settlements in the Czech Republic that have been affected by and
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major flood events. This comparison allows us to evaluate the potentials and limitations of our CNDS,
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sociohydrological model in capturing essential features of flood risk changes, including the process sweden

of resettling farther and closer to the river. Our results show that the accumulation (and decay) of
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collective memory has potential in explaining temporal changes of flood risk driven by the

occurrence (or absence) of major events. As such, this study contributes to advancing knowledge

about the complex dynamics of human-water systems, while providing useful insights in the field of

flood risk reduction.
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HIGHLIGHTS

® We explore how flood memory shapes human settlements and their proximity to rivers.
® \We develop a system dynamics model of human-flood interactions that simulates how the
settlements’ proximity to rivers is altered by changes in flood memory.

® We validate the model using a dataset of settlements location spanning eight centuries.
® Relocation of a community is effective in flood risk mitigation if flood memory is sustained in

time.

INTRODUCTION

Throughout history, floods have been a major concern for
numerous communities that have settled in the proximity
of rivers (Ramesh 2013; Rosbjerg et al. 2013). UNISDR
(2015) reported that floods are the most deadly and costly
among all natural hazards: between 1995 and 2015 floods
affected more than 2 billion people, causing more than
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150,000 fatalities. Flood risk is increasing in many parts of
the world because of climatic and socio-economic changes,
such as growing population in flood-prone areas (Di Baldas-
sarre et al. 2010). Humans have also increasingly altered the
frequency and magnitude of hydrological extremes (i.e. both
floods and droughts) through levees, reservoirs and land-use
changes (Van Loon et al. 2016).

Most human societies adapt and respond to flood risk
using a combination of hard and soft measures. Hard protec-
tion measures include large infrastructures, such as levees,
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which aim to decrease the frequency of floods. These struc-
tures tend to increase people’s complacency and often
enable intense urbanization of flood-prone areas. This pro-
cess is widely known as the ‘levee effect’” (White, 1945),
and it can lead to catastrophic outcomes when hard protec-
tion measures eventually fail, as seen in 2005 in New
Orleans, USA (Kates et al. 2006). Soft adaptation measures
aim at raising flood risk awareness and preparedness in
the population living in flood-prone areas through, e.g. com-
munity education programs (Scolobig ef al. 2012), or
reducing flood exposure using risk-avoiding strategies, such
as resettling away from rivers (e.g., Mard ef al. 2018).

The process of resettling farther from the river as an
informal (e.g. migration) or formal (e.g. relocation plan)
response to flooding has been described in many cases
around the world (e.g., Penning-Rowsell et al. 2013; Hino
et al. 2017; Kreibich et al. 2017; Arnall 2019). Planned or
spontaneous relocation can reduce flood losses substan-
tially. For instance, after the occurrence of disastrous
flooding in the Mekong Delta in 2000, many people were
encouraged to move to flood-safe areas and when a similar
flood occurred in 2011, fatalities were reduced by 77%
(Kreibich et al. 2017). Yet, it has also been shown that com-
munities relying heavily on structural protection measures,
such as levees, tend to stay in the same area after major
flooding and respond by improving these structural protec-
tion measures, e.g. repairing, reinforcing or raising levees
(Mard et al. 2018). Indeed, relocation after flooding is diffi-
cult, if not impossible, as it encounters resistance
especially when high levels of structural protection are in
place (Hino et al. 2017).

When dealing with the process of resettlement, the role
of collective memory of floods is key (Viglione ef al. 2014).
Indeed, resilience can be strongly affected by society’s flood
memory. It was found that a long interarrival time between
flood events can fade the memory that the community built
after the occurrence of a flood (Ullberg 2017). On the other
hand, high levels of flood memory may lead to an appropriate
response to disasters, jogging risk awareness and thus
prompting preparedness (see e.g. Scolobig et al. 2012).

The accumulation of collective memory has been
broadly investigated in sociology, anthropology, history,
neurosciences and psychology (Anastasio et al. 2012). The
term collective memory was first introduced in the mid-
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1920s by the French sociologist Maurice Halbwachs (1925),
from whom a large tradition of memory studies originates
(see e.g. Roediger & Wertsch 2008; Brown et al. 2000;
Olick 2009). However, there is no clear definition of the con-
cept itself, and the only defining characteristic is that ‘it is a
form of memory that transcends individuals and is shared by
a group’” (Wertsch & Roediger 2008). While individual
memory is one’s personal memory of a previous experience,
collective memories can be seen as the remembering of the
same experience but not necessarily in the same way (Van
Dijck 2007). This feature of collective memory is particularly
fitting in the framework of disaster risk, as different individ-
uals are affected by - and experience - the same event
differently. Collective memory has indeed been the subject
of numerous disaster studies, especially in relation to
remembering the past in the wake of new events (Madsen
& O’Mullan 2013). Within flood risk, some scholars have
also dealt with the effects of memory in terms of real-life
decision-making (e.g., Del Missier et al. 2013). McEwen
et al. (2017) investigated the role of flood memory in generat-
ing strategies to better deal with flood risk. In their study,
flood memory is considered as a process that develops
both at the individual and at the community level, account-
ing for diverse sources of materialized memories in formal
and informal archives, documentaries or involving different
types of technologies. While the majority of studies on the
subject are theoretical, some scholars employed empirical
methods to investigate and assess collective memory. Choi
et al. (2014) conducted an experiment on words recalling.
Madsen & O’Mullan (2013) conducted a community-based
participatory project focused on exploring and enhancing
resilience. The present paper aims at providing a temporal
dimension to the study of collective memory, by exploring
how it changes over time and how disastrous events affect
it. Exploring the temporal dimension is particularly impor-
tant as the memory is sustainable only when it creates and
supports conditions for its inter- and intra-generational pro-
gress, contributing to an increase in the associated lay
knowledge, which, in turn, may foster the adoption of
flood mitigation strategies. Flood memories furnish a stage
to develop and share lay knowledge, increasing social learn-
ing and thus fostering the actions to build social resilience to
future risk (McEwen et al. 2017). While flood memory is
linked to remembering and forgetting a flood event, the
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concept of lay knowledge refers to what we interpret and
what we learn from personal experiences (Popay 2018).
Being the result of understanding, explaining and assigning
meaning to events occurring in a person’s life, the concept
of lay knowledge also includes the transmission of anec-
dotes and stories to comprehend, describe and then
recognize circumstances of everyday life (Ullberg 2017).
Flood memory can be seen as a personal and local prep-
aration of sustained resilience (McEwen ef al. 2017).
Garde-Hansen et al. (2017) argued that collective memory
of flooding has a key role in the individual’s sense of
future preparedness. In this regard, the understanding
of how flood memory develops into lay knowledge is of
utmost importance to create learning opportunities and
increase communities’ resilience.

Very little research has been done on the role of
memory on collective decisions and more specifically on
its impact on risk mitigation strategies’ planning and actua-
tion (Fanta et al. 2019). There still remains the key question
of how long flood events remain in our collective memory.
To this end, Fanta et al. (2019) explored how the spatial dis-
tribution of human settlements has been influenced by the
occurrence of flood events in 1,293 settlements in the
Czech Republic across eight centuries. They observed that
after the occurrence of a disastrous flood, new human
settlements were often built farther from the river. Yet,
human settlements again started to develop closer and
closer to the river after a few decades. They attributed
this outcome to the social processes of learning and forget-
ting: as long as the reminiscence of the flood event is still
fresh in the memories of eyewitnesses, most establishments
are built in flood-safe places. As flood memory decays over
time, river proximity resumes, and a larger portion of the
newly built human settlements develops in flood-prone
areas.

Studies focusing on long-term memory of flood events
are rare (Tschakert et al. 2010); therefore, the study of the
development of settlements in the aftermath of several
extreme flood events occurring in a time window of several
centuries offers interesting insights into the role of collective
memory on the community’s decisions and its evolution in
time. In turn, the behavior of the community provides infor-
mation on the evolution of the flood mitigation strategies
implemented by that community.
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Di Baldassarre et al. (2013a) argued that a sociohydrolo-
gical approach can help unravel changes in flood risk
generated by the interactions and feedback mechanisms
between hydrological, technical and social processes. In
this context, recent progress in sociohydrology (Sivapalan
et al. 2012; Pande & Sivapalan 2017; Di Baldassarre et al.
2019) has contributed to a better understanding of the
human-flood interactions (Di Baldassarre et al. 2013b; Siva-
palan & Bloschl 2015). System dynamics models, in
particular, have proven to be useful tools for unraveling
the risks generated by the interplay of flood and human sys-
tems (Viglione et al. 2014), thus providing opportunities to
better interpret past risk changes while exploring future tra-
jectories of flood risk (Alonso Vicario et al. 2020; Ridolfi
et al. 2020). Yet, empirical information about feedback
mechanisms between human and water systems is only
rarely available and, as a result, the role of water in urbaniz-
ation patterns is one of the 23 Unsolved Problems in
Hydrology (UPH) identified by the initiative of the Inter-
national Association of Hydrological Sciences (IAHS;
Bloschl et al. 2019). In this paper, we aim to explore how
flood memory shapes human settlements and their proxi-
mity to rivers. To this end, we first develop a system
dynamics model of human-flood interactions and then
evaluate its potential and limitations by using an unprece-
dented dataset consisting of historical observations of
flood events and changes in human settlements collected
in the Czech Republic by Fanta ef al. (2019). By building
and testing our sociohydrological model, we contribute
jointly to behavioral sciences, in terms of accumulation
and decay of collective memory, and to hydrology and natu-
ral hazards in terms of flood risk modeling.

MODELING FLOOD LOSSES, MEMORY AND HUMAN
SETTLEMENTS

We conceptualize human—flood interactions in a simplified
way, building upon sociohydrological models that have
been proposed over the past years (a review in Di Baldassarre
et al. 2019). We hypothesize that when a damaging flood event
occurs, the collective memory of floods (M) is built up. Simi-
lar to previous studies (Di Baldassarre et al. 2013b; 2015;
Viglione et al. 2014; Grames et al. 2016; Ciullo et al. 2017,
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Yu et al. 2017; Barendrecht et al. 2019), we assume that the
higher the losses, the higher the accumulation of memory,
and thus the tendency to settle on flood-safe ground. The
latter is modeled, for the first time, by increasing the vertical
distance (H) of the center of the human settlement from the
river. Flood memory is assumed to decay over time, consist-
ently with consolidated literature (Anastasio ef al. 2012). As
such, the benefits of settling close to the river (e.g. trading,
transportation, energy production, water access) gain more
weight and flood memory decreases until the next flood
event that builds the flood memory up and, as a result,
human proximity to rivers eventually increases again. This
conceptualization is depicted by the causal loop in Figure 1.

Our conceptualization above is translated into a system
dynamics model by considering a series of flood events with
different magnitudes and irregular time intervals to rep-
resent a time series of peak over threshold of flood levels,
W(t) [L]; see more details in Viglione et al. (2014). To simu-
late the dynamics of human settlements, we assume
resettling as the primary risk reduction strategy, i.e. no struc-
tural measures such as levees are built. Flood severity is
described by the unitless variable F(f) [.], which is the pro-
portion of damage caused to the settlement by a high
value of W(t), ranging from 0 (no losses) to 1 (total destruc-
tion). The variable is given by the following equation (time
dependence is omitted for brevity) describing the flood
system:

F:lfexp(f%> it W0, (1)

Vertical Distance

(H)

Flood severity
(F) ¥

Flood Memory
M)

Figure 1 | Causal loop considering the interaction between flood memory, vertical
distance from the river and flood severity.

+
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where o is a unitless parameter related to the topographic
characteristics of the floodplain (Di Baldassarre et al.
2013b), which determines to what extent flood damage
reduces by increasing the vertical distance between the
center of the human settlement and the river. Note that a
near-total destruction of the settlement can occur if the
water level is extremely high or if the vertical distance to
the river is about zero.

The flood system (Equation (1)) is fully coupled with the
human system:

dH
ar o] @
B A (0) - F M

This system represents how the spatial distribution of
human settlements, schematized in a lumped way using
the vertical distance H [L] of its center of mass from the
river, is altered by the occurrence of flood losses (F) by
means of changes in the unitless collective memory of
floods (M).

When flooding occurs, the collective memory M[.](¢) is
built in the community, which witnesses the event. This
abrupt change in memory is modeled via the Dirac comb
A(w(t)), which is a function always equal to zero, but assum-
ing the value of 1 at the time of flood occurrences. This term
represents the increase of memory, which is assumed pro-
portional to flood losses (F). The solution for M is a
bounded piecewise continuous function. From the
equations’ solutions, M is a continuous decreasing function
between two consecutive floods; while where M is discon-
tinuous (i.e. when the flood occurs), it never exceeds
1. Flood memory decays to one-half of its initial value in a

given time named half-life 7 [T]:

)

The parameter u [T~} describes the decay rate of flood
memory: the longer the time passes from the event, the
weaker are the memories of it. The assumptions above are
not only based on previous sociohydrological models (Di
Baldassarre ef al. 2013b, 2015; Viglione et al. 2014; Grames
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et al. 2016; Ciullo et al. 2017; Yu et al. 2017; Barendrecht et al.
2019) but also on recent findings in anthropology, history,
neuroscience and psychology (Anastasio et al. 2012).

In our model, memory M accumulates when people
experience flood losses (F). As a consequence, the commu-
nity tends to settle on higher grounds. This process is
schematized by variations of the vertical distance H [.](¢)
of the center of the settlement from the river. H increases
abruptly because of the occurrence of a major flooding
since flood memory builds up. Then, H tends to decrease
since flood memory decays over time (Figure 1). The latter
tendency reflects the fact that proximity to the river is
often beneficial for e.g. trading, agriculture, transportation
and access to water resources (Di Baldassarre et al. 2013b).
The parameter A [L] represents the critical vertical distance
from the river beyond which the settlement can no longer
grow. The parameter ¢ [L T~'] represents the velocity by
which human settlements can grow.

CASE STUDY

We apply our model to the Vltava region (Czech Republic).
The Vltava River is the largest river of the Czech Republic
with a length of 430km and a drainage area of
28,090 km?, extending over one third of the entire Czech
Republic. The river rises in southwestern Bohemia, crosses
Bohemia and thus Prague and finally flows into the Elbe.
Seven disastrous flood events were identified; they occurred
in 1118, 1342, 1432, 1501, 1655, 1784 and 1845. We con-
sidered extreme events since they probably had an
influence on settlement evolution rather than small floods.
The water levels of the seven flood events were retrieved
from literature. In Prague, the 1118 flood reached 6 m,
while in 1342 the water level ranged between 4 and 5 m
(Kundzewicz 2019); in 1432 it ranged between 3.4 and 4 m,
while in 1501, 1655, 1784 and 1845 it reached 5.1, 4.9, 5.7
and 5.7 m, respectively (Brazdil ef al. 2006) (Figure 2(a)).
To investigate the influence of flood events on the verti-
cal distance from the river of newly established settlements,
we analyzed a dataset of 1,293 individual towns and villages.
The raw dataset consisting of the establishment date of each
settlement and its location was retrieved by the freely avail-
able dataset published by Fanta ef al. (2019). They also
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provided details on the dataset, the case study, and on the
identification, dating and location of settlements. To date
the establishment of a human settlement, they used a combi-
nation of historical and archeological dating. Since the
shape and the boundaries of settlements are difficult to
define clearly, the settlements are represented by data
points corresponding to the vertical distance from the
river of their historical center.

We then analyzed the raw data as follows. We calcu-
lated the average vertical distance from the river of the
settlements in the Vltava region one generation before and
one and two generations after each flood (boxplots in
Figure 2(c)). One generation is considered to be 25 years
long, since this is the average time during which a child
grows up and may have children. The settlements estab-
lished within 25 and 1 year before the flood represent
generation —1, the ones established within the flood year
and up to 25 years after representing generation 1, and
those established within 25 and 50 years after the flood rep-
resent generation 2. Then, we used the data on the average
vertical distance to validate our model.

As we are interested in the possible trajectories of settle-
ments establishment from the river, the parameters of the
model vary within a range rather than assuming a determi-
nistic value. According to literature, the parameter related
to flood depth-damage curve (i.e., @) varies between 0.01
(Di Baldassarre et al. 2013b) and 10 (Di Baldassarre et al.
2015). The vertical distance from the river at which the settle-
ment does not have any increase in benefit (i.e., 1) varies
between 4 and 24 m. These are, respectively, the minimum
and maximum 75th percentile of vertical distances of
newly established settlements among all flood events
(Figure 2(c)). The change in distance from the river per
year (ie., ¢) varies between 0.5 and 5m yrs ! as we
assume that the rate by which the new settlements were
established may depend on several factors, such as avail-
ability of materials and distance to collect them and thus
may be not deterministic.

In the past, many scholars modeled the half time of
flood memory using diverse time windows ranging from 1
to 15 years (e.g., ICPR 2002; Di Baldassarre et al., 2013,
2015; Viglione et al. 2014; Ciullo et al. 2017; Barendrecht
et al. 2019). It represents the time during which the flood
memory decays to one-half of its initial value in the society
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Figure 2 | Outcomes of the sociohydrological model in terms of (a) flood severity, (b) flood memory, (c) vertical distance of settlements from the river (red envelope), the median of the
envelope (black curve) and the average vertical distance from the river of the settlements observed in the VItava region one generation (i.e., 25 years) before and one and two
generations after each flood (boxplots). Some boxplots consist in a single dot when there was only one point in the corresponding 25 years.

that experienced the flood. It is used to investigate the poten-
tial of flood memory in informing and changing flood risk
management. Ridolfi ef al. (2020) showed that depending
on the attitude of a specific society toward flood risk, the
flood memory may vary largely (i.e. from 2 to 15 years).
As we are interested in the possible trajectories of settle-
ments establishment from the river, we did not assign a
specific value to parameters, but rather parameters vary in
an interval. On the basis of literature values, half time of
flood memory here varies between 5 and 15 years. Par-
ameters ranges are reported in Table 1.
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MODEL APPLICATION AND RESULTS

Model results are compared with historical observations in
order to assess whether changes in flood memory can explain
the observed dynamics of human settlements. As we are inter-
ested in the possible trajectories of settlements establishment
from the river, results are presented in terms of envelopes.
This is in agreement with the trajectories of observed newly
established settlements. The vertical distance is compared
with a statistical summary of historical observations by
Fanta et al. (2019) represented by boxplots (Figure 2(c)).
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Table 1 | Parameters of the sociohydrological model and their range of variation

Parameter Description Range Unit

o Parameter related to flood depth-damage curve 0.01-10,by=0.5 []

A Vertical distance from the river at which the settlement does not have any increase in benefit =~ 4-24, by =4 [m]

[0} Change in distance from the river per year 0.5-5,by=0.5 [m yrs™!]
T Years in which the memory reduces to half its initial value {5,10,15} [vrs]

Figure 2 shows model results in terms of flood memory (panel
b) and vertical distance from the river of the center of the
human settlements (panel c). Here we describe the results
starting from t=0 (year 1118) and progressing over time
until the year 1900. The initial conditions of model variables
are presented in Table 2. We assume that at the beginning of
the simulation, i.e. at time # = 0 in Figure 2(b), people have no
memory of past flood events, i.e. M(t=0) is set to zero.
According to the dataset of vertical distance of newly estab-
lished settlements, at time ¢=0, the average vertical
distance of settlements is 13 m, Figure 2(c). As the first disas-
trous flood hits the human settlements in 1118, memory rises
(Figure 2(b)) at the community level as many people become
conscious of living in a flood-prone area. As a result, new
settlements are built farther away from the river and, specifi-
cally, on higher ground (Figure 2(c)). Model results are
compared with the statistical distribution of observed data
represented by boxplots for each generation, i.e. one before
and two after each flood (Figure 2(c)). As we move in time,
no major flooding occurs for some decades and flood
memory decays, halving its initial value in time. Thus, the ten-
dency to re-settle close to the river resumes until the
occurrence of a second flood in 1342, which jogs the
memory of the community. As a consequence, the vertical dis-
tance of the new settlements from the watercourse increases
again as new settlements tend to be established on flood-safe
areas, i.e. higher ground. This process repeats in time with a

Table 2 | Variables of the human-flood system and their initial conditions in the modeling
exercise presented here

Variable Description Initial condition Unit
F Flood severity 6 [m]
H, Vertical distance 13 [m]
M Flood memory 0 []
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similar pattern for each of the seven major floods (Figure 2).
Low memory levels lead the communities to establish new
settlements in the river proximity, as their risk awareness
lowers with time. Because of the flood memory decay, the
memory is often close to zero when an extreme event
occurs. As a consequence, the new settlements are close to
the river when they are hit. The relocation of a community
is effective in mitigating flood risk only if communities’
memory of past floods and awareness of flood risk are
kept alive and sustained in time. This unprecedented
dataset allows us to disentangle the link between flood
memory and societal behavior in terms of settlements estab-
lishment. From the model results, we can observe that the
envelopes well describe the behavior of settlements changes
across time, thus the parameterization of the model well
suits the behavior of the communities settled in the case
study area. Historical data show that these communities
forget relatively quickly (i.e. from 5 to 15 years) and the forget-
fulness causes the adoption of a risk-taking approach (feeling
safe near the river). The combination of the two behaviors
(i.e. the attitude toward flood risk and the collective
memory) influences the growth of communities. It was
found that a wealth growth is associated with societies that
either pursue a risk-taking attitude (such as settling in a
flood-prone area) together with strategies to maintain the
flood memory in time or tend to forget but adopt risk-avoiding
strategies (such as relocation; Viglione et al. 2014). The par-
ameter related to flood depth-damage curve (i.e., @) varies
between 0.01 and 10, suggesting that the proportion of
damage caused to the settlements (F), can vary largely. The
vertical distance from the river can hinder the development
of the settlements when the distance itself reaches its critical
value (i.e. 1). The critical value varies between 4 and 24 m,
confirming that the proximity to rivers is often the result of
a trade-off that may depend on the specific community.
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It is worth noting that regarding three flood events (i.e.,
1342, 1655 and 1845), the newly established settlements are
on average built farther from the river before the occurrence
of the event as opposed to the general behavior that the
flood prompts the establishment on higher ground. This be-
havior could be caused by events other than floods and
could be related to the need to move on higher ground to
increase the protection from invasions by enemies or to
increase the control over a territory. For instance, in 1631
and 1648, Prague was invaded by Saxons and Swedes,
respectively. Moreover, the area is rich in mining quarries
that may have led the communities to settle in their proxi-
mity. In this regard, the change in distance from the river

L and it

per year (i.e., @) varies between 0.5 and 5 m yrs~
may depend on the availability of materials, which may
not be constant over time. The data related to the position
of settlements across time and historical events thus reveal
that there may have been many factors that led communities
to move and settle on higher ground. However, Figure 2
shows, in general terms, that the model captures the essen-
tial features of resettling farther and closer to the river
depending on the time passed from the last disastrous
flood event. In this regard, flood memory can be considered
as one of the main drivers influencing the human proximity
to rivers and thus society’s exposure to flooding.

DISCUSSION

Concerning the real-world case study we explore here, we
can infer that societies respond to flood occurrence by
adopting strategies to avoid flood risk (such as relocation).
The comparison of model results and the statistical analysis
of observed data, i.e. a synthesis of settlements relocation
across centuries, shows the capability of the proposed
model to capture the dynamics due to the mutual feedback
between social and hydrological processes.

Human settlements located in the proximity of rivers are
often the result of a trade-off. Floodplain areas have often
offered both benefits (e.g. economic growth) and potential
costs (e.g. flood risk). In our conceptualization, weights in
this trade-off continuously change over time depending on
the collective memory of floods. From a statistical analysis
of observed data, it is interesting to observe that within two
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generations from the flood event, the center of human settle-
ments returns closer to the river (Figure 2). This dynamic can
be explained via decays of flood memory. We consider that
this decay is not only happening at the individual level (every-
one tends to forget; Anastasio et al. 2012) but also at the
collective level as, for instance, there may be a reduction
over time of eyewitnesses in the community, as some
people leave and others die. Fanta et al. (2019) argue that
the process of forgetting may be ascribed to the death of the
eyewitnesses that experienced the flood. They can foster the
lay knowledge of flood risk as they can be considered the cus-
todian of the information regarding the occurrence of the
flood, e.g. the magnitude, the stroked areas, the damages.
Their death ends the process of horizontal (intra-genera-
tional) and vertical (inter-generational) transmission of this
information. The experience of flooding can underpin the cre-
ation and nurturing of collective memory.

The collective memory of floods can play a major role in
mitigating risk and boosts the adoption of flood reduction prac-
tices at the individual and community level. Owusu et al. (2015),
for example, showed how public education and promotion
campaigns have had a key role in raising communities’ aware-
ness, resulting in personal strategies and attitudes towards
flooding and property-level flood protection. Communities
promoting inclusive and participatory approaches substan-
tially reduce flood losses. People engaged in forward-looking
plans and characterized by risk monitoring behavior cope
better with flood risk and increase the resiliency of the environ-
ment (Ridolfi ef al. 2020). Flood risk communication is key for
flood risk assessment, which should comprehend social, econ-
omic, cultural and political perspectives to be ground-based
and thus adequate to the specific case for an effective flood
risk management (Buchecker et al. 2013). Wheater (2006)
argues that the level and type of flood protection measures
may depend on the social perception of what is an acceptable
risk, and the answer to this question may evolve in time at the
society level. Societies that adopt hard protection measures,
such as levees, increase the level of protection and thus
lower the (estimated) risk. Nevertheless, they experience
higher losses: the exposed value of the protected areas
increases because of the false sense of safety generated by
the presence of levees. On the other hand, societies that
adopt soft protection measures, such as relocation, can be
more resilient. They can adopt approaches aiming at reducing



249 E. Ridolfi et al. | Modeling flood memory and human proximity to rivers

Hydrology Research | 52.1 | 2021

risk-minimizing losses (Ciullo ef al. 2017). Yet, public percep-
tion of risk is often low and a greater effort is required to
raise awareness and preparedness, in case flood events occur
(Mondino et al. 2020).

CONCLUSIONS

We explored the evolution of collective flood memory in
time and its implication in terms of resettlements using an
unprecedented dataset of settlements’ location spanning
eight centuries in the Czech Republic.

A new sociohydrological model was introduced to simu-
late the role of flood memory in influencing human
proximity to rivers and thus society’s exposure to flooding.
Results show that the proposed sociohydrological model
could reproduce the essential features of changes in
human settlements driven by major flood events by repre-
senting the process of accumulation and decay of flood
memory. As such, the parameterization of the model is suit-
able to describe the behavior of communities’ resettlements
in the Vltava Region. Results suggest that flood events are
likely to be the main driver of resettlements processes and
confirm our fundamental assumption: flood memory - as a
primary mechanism of human-flood interactions - has the
potential to explain the spatial and temporal changes of
human settlements driven by the (non-)occurrence of
major flooding events and thus the dynamics of flood risk.

Anastasio et al. (2012) state that the structures that
enable collective memory are represented by collective
levels and comprehend museums, monuments, people, tran-
scriptions among others. Collective memory consolidates
with a similar process of individual memory. In this sense,
public education and promotion campaigns also have a
key role in raising communities’ awareness and may result
in personal strategies and attitudes towards flooding and
property-level flood protection (Owusu ef al. 2015). In fact,
communities promoting inclusive and participatory
approaches substantially reduce flood losses. This suggests
the need to keep promoting educational programs to keep
the flood memory alive within communities.

This work has a number of limitations. The human
response to floods is complex and uncertain as it depends on
many other aspects — such as economic interests, cultural
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values and historical events - that were not considered here.
Moreover, changes in both collective memory and vertical dis-
tance from the river are influenced by numerous factors and
thus are more complex than what is described in our model.
As such, the concept of flood memory alone cannot adequately
describe the complexity of the processes that lead to translate
societal perceptions into policy action (Gober & Wheater
2015), especially because other variables involved, such as
risk awareness and preparedness, have been shown to be mul-
tifaceted and non-trivial in various contexts (Scolobig et al.
2012). Still, it has been shown that being aware of exposure to
flood risk remains a necessary step to be prepared to face the
occurrence of a flood event (Kreibich et al. 2017).

Despite its simplicity, the model presented here is able to
reproduce the key features of the dynamics generated by the
interplay between floods and society. The process of resettling
farther and closer to the river depending on the collective flood
memory allowed us to perform a further step in disentangling
the relationship between societal and hydrological processes.
Adaptation strategies such as resettling farther from the river
may have a key role in reducing flood risk. However, a flood
risk-averse attitude requires programs that sustain memory
and awareness over time. As the link between societal percep-
tion and flood mitigation strategies is still not fully understood,
testing the hypotheses of our model can inspire future research
to further unravel the role of collective memory in shaping the
dynamics of flood risk over time.
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