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G. Blöschl2,3

1Department of Integrated Water Systems and Governance, UNESCO-IHE,
Delft, the Netherlands
2Institute of Hydraulic Engineering and Water Resources Management,
Vienna University of Technology, Vienna, Austria
3Centre for Water Resource Systems, Vienna University of Technology, Vienna, Austria

Received: 22 March 2013 – Accepted: 31 March 2013 – Published: 9 April 2013

Correspondence to: G. Di Baldassarre (g.dibaldassarre@unesco-ihe.org)
and A. Viglione (viglione@hydro.tuwien.ac.at)

Published by Copernicus Publications on behalf of the European Geosciences Union.

4515

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/4515/2013/hessd-10-4515-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/4515/2013/hessd-10-4515-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
10, 4515–4536, 2013

Socio-hydrology:
conceptualising

human-flood
interactions

G. Di Baldassarre et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

Over history, humankind has tended to settle near streams because of the role of
rivers as transportation corridors and the fertility of riparian areas. However, human
settlements in floodplains have been threatened by the risk of flooding. Possible re-
sponses have been to resettle away and/or modify the river system by building flood5

control structures. This has led to a complex web of interactions and feedback mech-
anisms between hydrological and social processes in settled floodplains. This paper
is an attempt to conceptualise these interplays for hypothetical human-flood systems.
We develop a simple, dynamic model to represent the interactions and feedback loops
between hydrological and social processes. The model is then used to explore the10

dynamics of the human-flood system and the effect of changing individual character-
istics, including external forcing such as technological development. The results show
that the conceptual model is able to reproduce reciprocal effects between floods and
people as well as the emergence of typical patterns. For instance, when levees are built
or raised to protect floodplain areas, their presence not only reduces the frequency of15

flooding, but also exacerbates high water levels. Then, because of this exacerbation,
higher flood protection levels are required by the society. As a result, more and more
flooding events are avoided, but rare and catastrophic events take place.

1 Introduction

Floodplains can be defined as the areas that are periodically inundated by the lateral20

overflow of rivers (Junk et al., 1989). They are landscape features that are clearly distin-
guished from neighbouring uplands in terms of their hydrologic processes (Nardi et al.,
2006) and among the most valuable ecosystems for providing goods and services to
the environment and supporting biodiversity (Opperman et al., 2009). Since the earliest
recorded civilizations (e.g. Mesopotamia, Egypt), people have settled in floodplains be-25

cause they offer favourable conditions for trade, agriculture, and economic development
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(Di Baldassarre et al., 2010). It is estimated that almost one billion people currently live
in floodplains.

There is a very long tradition of studies investigating how humans adjust to floods
(White, 1945) and how the occurrence of flooding (i.e. inundation of floodplains) shapes
patterns of human settlements and land-use (Myers et al., 2008; Green et al., 2011;5

Schultz and Elliott, 2012). Recent studies have also examined the impact of human
interventions (such as flood control measures, land-use change, and urbanization) on
the frequency and magnitude of flooding (Di Baldassarre et al., 2009; Heine and Pinter,
2012; Remo et al., 2012).

However, all these works have been looking at one (or the other) side of the in-10

terplay between floods and societies. In hydrology, for example, humans are typically
considered as a boundary condition or external forcing to the floodplain systems and
reciprocal links are therefore not represented. Hence, there is still a need to under-
stand how societies influence the frequency of flooding, while the frequency of flooding
(simultaneously) shapes the development of societies, which (in turn) alter potential15

floodplain dynamics and feedbacks (Di Baldassarre et al., 2013).
For instance, many societies build and/or raise levees to protect floodplain areas and

therefore reduce the frequency of flooding. Then, because of the reduced frequency of
flooding, people feel safer and more intense economic development takes place close
to the river. This is the so-called “levee effect” (White, 1945), whereby, paradoxically,20

flood control structures might even increase flood risk as protection from frequent flood-
ing reduces perceptions of risk. This encourages human settlements in floodplain ar-
eas, which are then vulnerable to high-consequence and low-probability events (Burton
and Cutter, 2008; Di Baldassarre et al., 2009; Ludy and Kondolf, 2012). Thus, the pro-
cess of building and raising levees often leads to a shift from frequent flooding of rural25

areas to rare, but potentially catastrophic, flooding of urbanized or industrialized areas
(e.g. New Orleans, Werner and McNamara, 2007). Some human societies realize that
this process of continuous levee heightening is no longer sustainable and give back
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some “room to the river” via floodplain reconnection (Vis et al., 2003; Opperman et al.,
2009; Salazar et al., 2012).

Despite the lack of understanding of these dynamic interactions between floods and
societies and the associated feedback mechanisms, the topic remains largely unex-
plored. In this context, Sivapalan et al. (2012) proposed the new science of socio-5

hydrology, which researches the two-way coupling of human and water systems. Socio-
hydrology will also have a crucial role in Panta Rhei, the upcoming scientific decade of
the International Association of Hydrological Sciences (IAHS, Montanari et al., 2013).

In the spirit of socio-hydrology, this paper proposes a conceptualisation of the dy-
namics of settled floodplains as deeply intertwined human-flood systems to investigate10

how humans change the frequency and magnitude of flooding, while the frequency and
magnitude of flooding in turn shape patterns of human settlements.

We conceptualize the socio-hydrology of floodplains by considering a community
that starts settling and developing in a flood prone area. The human settlement is as-
sumed to develop close to the river and gain the associated economic benefits (e.g.15

trading). However, the abrupt occurrence of flooding causes economic damages. When
the human settlement experiences flood events, the community is shocked and builds
awareness of the risk of flooding. Then, people move away from the river (Fig. 1a),
build or raise levees to protect the floodplain (Fig. 1b) or respond by a combination of
both. If the human settlement moves away from the river, the economic benefits from20

being in a floodplain decline. Building levees also has an economic cost for the com-
munity, and (at the same time) it feeds back on the hydrological system: the presence
of levees often exacerbates high water levels as it may reduce the attenuation of floods
and/or decrease the conveyance of the cross sections (Di Baldassarre et al., 2009;
Remo et al., 2012; Heine and Pinter, 2012). Lastly, depending on the memory of the25

community, the awareness of flood risk decays with time, and, therefore, the tendency
to get close to the river and gain economic benefits resumes.

Hence, our conceptualisation considers five different types of processes: hydrologi-
cal, economical, political, technological, and social (Sect. 2). These components are all
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interlinked and gradually co-evolve over time, while being abruptly altered by the sud-
den occurrence of flooding events. It should be noted that we focus on the interactions
and feedback mechanisms between these components (Fig. 2). Thus, each compo-
nent is described by a simple equation, which is meant to capture the most significant
processes.5

2 Conceptualisation

We conceptualise the dynamics of human-flood systems in a simplified way, through
a set of differential equations whose variables are perturbed occasionally by flooding
events. We call W (t) [L] the peak-over threshold time series of water levels above
the bankfull depth (hereafter high water levels), which is a sequence of impulses with10

non-regular time arrivals that may or may not cause flooding. The intensity of flooding
events is represented by the variable F (t) [.], which ranges between 0 (no damages)
and 1 (total destruction) and is the proportion of damage (or relative damage, e.g. Merz
et al., 2011) to the human settlement caused by high values of W (t). We model F (t)
with what we call the Hydrology equation:15

F =

{
1−exp

(
−W+ξHH

αHD

)
if W + ξHH > H

0 otherwise
(1)

where the variables evolving with time t are in capital letters (for brevity, the time has
not been indicated in the equations) and the parameters are in Greek with subscript
H=Hydrology.

The three variables involved in Eq. (1) are the high water level W (t), the level of the20

levees H(t) [L], which can be seen as a measure of flood protection level, and D(t) [L],
which is the distance of the centre of mass of the settlement to the river (Fig. 1). The
actual high water level during an event is indicated by W + ξHH , where the parameter
ξH [.] represents the proportion of additional high water level due to the heightening of
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levees. As mentioned, this exacerbation is often caused by reduced flood attenuation
and/or altered flood conveyance associated to the presence of levees (Di Baldassarre
et al., 2009; Remo et al., 2012; Heine and Pinter, 2012).

The parameter αH [.] is related to the slope of the floodplain and the resilience of the
human settlement, i.e. if αH is high for a given water level the damage reduces consid-5

erably with distance, while if αH = 0 the proportion of damage is the maximum possible
(i.e. total destruction, F = 1) irrespective of the water level and the distance of the set-
tlement from the river. For αH 6= 0, total destruction of the settlement is approached
when the water level is extremely high and/or the distance from the river approaches
0. When flooding occurs, i.e. W + ξHH > H , the minimum of F is always positive and10

approaches 0 for low (flooding) water levels and high distances from the river.
We assume that, immediately after the occurrence of flooding, two decisions may be

taken: (i) to raise the levees to a level dependent on the high water level associated to
the flooding just experienced, or (ii) not to raise the levees (and possibly move away).
The decision to raise the levees is triggered by the incentive and the ability to do so.15

Given a settlement of size/wealth G [L2], we call R(t) [L] the amount by which the levees
are raised after the flooding event at time t has occurred and we model it as

R =


εT(W + ξHH −H ) if (F > 0)

and (F G > γER
√
G )

and (G − F G > γER
√
G )

0 otherwise

(2)

where H and G are the height of levees and the settlement size immediately before
the flooding event. People (or decision makers) have an incentive to raise the levees20

if the damage caused by the flooding (i.e. F G ) is greater than the cost of building or
raising the levees (i.e. γER

√
G , see Eq. 4a for discussion of these terms). In addition,

levees can be raised only if the community is able to afford it: if the costs (i.e. γER
√
G )

are lower than the wealth remaining after flooding (i.e. G − F G ). If risen, typically the
levees are brought to a level equal or greater to the water level of the last experienced25
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flooding event (Werner and McNamara, 2007) by setting the safety factor εT [.] greater
than 1. Alternatively, other choices can be reproduced by setting the parameter εT
smaller than 1.

In our conceptualisation, the magnitude of the psychological shock experienced by
the community immediately after the flooding depends on both the magnitude F of the5

event and the decision on whether to raise levees and therefore increase the protection
level. We define the shock magnitude S(t) [.] with

S =

{
αSF if (R > 0)

F otherwise
(3)

which goes from 0 to 1 similarly to the proportion of damage F produced by the flooding
event. If no additional protection measures are built after the event (i.e. R = 0), the10

shock is equal to F . If protection measures are built, i.e. levees are raised to a level
R, the shock may be less than F and the sense of security created corresponds to
1−αS. If the parameter αS [.] is 0, it is assumed that people perceive the building of
additional protection levels as a total remedy and they feel completely safe from future
events (Ludy and Kondolf, 2012). Hence αS > 0 means that the remedy is not enough15

to completely alleviate the shock due to the flooding. In the limiting case, i.e. αS = 1, the
community keeps its awareness at the maximum level notwithstanding the construction
of additional protection levels.

Equations (1)–(3) describe the mechanisms happening during flooding events, i.e. in
our conceptual model we lump, as single events, flooding, psychological shock, and the20

decision to take action by raising the protection level. In the following we describe the
dynamic system, which is fully coupled to the Hydrology Eq. (1). The system consists
of four differential equations:
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dG
dt = ρE

(
1− D

λE

)
G+

−∆ (Υ(t)) ·
(
F G +γER

√
G
)

Economy (4a)

dD
dt =

(
M − D

λP

)
ϕP√
G

Politics (4b)
dH
dt = ∆ (Υ(t))R − κTH Technology (4c)
dM
dt = ∆ (Υ(t))S −µSM Society (4d)

The system represents how economy, politics, technology and society are altered by
the hydrology of flooding, which is in turn influenced by them (see also Appendix A).
Thus, our conceptualisation of settled floodplains captures the dynamic two-way cou-
pling of human and water systems (Fig. 2).5

The first differential equation is the Economy equation, in which G(t) [L2] is the size of
the human settlement at time t, which is also related to number of people, physical size,
and economic wealth. Equation (4a) states that the change in G with time is driven by
two main components: a gradual growing/shrinking component, which is proportional
to G itself, and an abrupt shrinking component which is due to flood damage. The pa-10

rameter ρE [T−1] is the maximum relative growth rate of the human settlement when the
benefits from being close to the river are maximised. ρE is therefore extrinsically driven
and linked to the (regional or global) economy. We assume that economic benefits de-
rive from settling as close as possible to the river and we model the penalty of settling
away from it with the term 1−D/λE. With the parameter λE [L] we indicate a critical15

distance from the river beyond which the settlement can no longer grow. Therefore the
growth rate is linearly related to the distance D and, if the community moves beyond
the distance λE, the growth can be negative.

The abrupt shrinking of G due to the flood damage is modelled as instantaneous
through a non periodic Dirac comb ∆ [T−1] that is always 0 except when Υ(t) = 0, in20

which case it is +∞ with integral equal to 1. Since Υ(t) is defined as a function whose
roots are located at times t of flooding occurrences, the term (F G +γER

√
G) exists

only for flooding events. The variables F and R have been defined in Eqs. (1) and (2).
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The term F G in Eq. (4a) is the flooding damage while the term γER
√
G is the cost

of building or raising levees. The parameter γE [.] is the cost, in this case described
in terms of reduction in the settlement’s area, for unit hight R and width

√
G of levee

raising (assuming
√
G as a representative length of the settlement edge to protect). In

case of high water levels, i.e. ∆ (Υ(t)) = 1, the wealth of the community shrinks because5

of damage due to flooding F and because of costs of raising the levees by a quantity
R.

The variation in time of the distance D(t) [L] of the center of mass of the human
settlement from the river is the second differential equation and is called here the Poli-
tics equation (Eq. 4b). The movement towards and away from the river is driven by the10

incentive to move in that direction and by the ability to move. With M(t) [.] we indicate
the awareness to flood risk based on experience/memory of prior events at time t (see
Eq. 4d). High M leads people (or decision makers) to settle away from the river, i.e.
the settlement grows at higher distances from the river, thus increasing the distance of
its centre of mass D. However societies can tolerate flooding because of the economic15

benefits of being close to the river. This is modelled in Eq. (4b) by the term −D/λP. The
parameter λP [L] represents the trade off between the memory of flooding events (which
makes the community move away from the river) versus the willingness to maximise
economic benefit by moving close to the river. Note that λP is related to perception of
risk (see e.g. Wachinger et al., 2012) and political behaviour. Communities and deci-20

sion makers may select the tolerance level based on economic reasoning (Schumann
and Nijssen, 2011), their personal attitude or group culture of being risk-taking or risk-
adverse. Political processes, e.g. popular opinion and approaching elections, are likely
to further drive decisions.

The last term in Eq. (4b) defines the ability to move the center of mass of the set-25

tlement. We assume that larger urban areas (i.e. more wealthy settlements) are less
capable of moving because resettling large groups of people is more challenging than
resettling small groups. The term ϕP/

√
G [LT−1] can be seen as the inertia assumed

inversely proportional to the representative length
√
G of the human settlement. The
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parameter ϕP [L2 T−1] can be therefore seen as a flux parameter and defines the rate
by which new properties can be built.

The variation in time of the protection level H(t) [L] is the third differential equation
and is called here the Technology equation (Eq. 4c). The construction of flood pro-
tection is driven by the incentive and ability to raise levees as defined in Eq. (2). It is5

assumed that immediately after a flooding event, awareness to flood risk is high and,
where feasible, levees are immediately constructed. The second term in Eq. (4c) rep-
resents the decay of the structural measures with time and the parameter κT [T−1] is
the rate of that decay, which depends on the technology used.

The variation in time of awareness of flood risk M(t) [.] is the fourth differential equa-10

tion and is called here the Social equation (Eq. 4d). It expresses the accumulation of
awareness because of psychological shocks S experienced by people during events
(see Eq. 3) and its decay due to forgetting these experiences µSM, where the param-
eter µS [T−1] represents the memory loss rate.

3 Results15

To illustrate the dynamics of the conceptualised flood-human interactions, we show
a number of simulations for an hypothetical community, named WetTown, settling in the
floodplain of the WildWaters River. We assume that at time t = 0, WetTown is a small
village of 10 000 m2 (G(t = 0)), situated at 2000 m from the river (D(t = 0)). Having just
settled in this area, people do not have experience of flooding (M(t = 0) = 0) and there20

are no structural measures (e.g. levees) for flood protection (H(t = 0) = 0 m).
The community starts to get wealthier and therefore larger by trading, facilitated by

being settled close to the WildWaters River. The river acts as an efficient transporta-
tion corridor and allows a maximum growth-rate of 2 % (ρE), which declines when the
distance from the river increases and vanishes at 5000 m (λE).25

At the same time, high water levels (W (t)) may potentially inundate WetTown (αH =
0.01) and compromise its economic development. In case of flooding, the inhabitants of
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WetTown experience a shock that is halved if levees are raised (αS = 0.5). The shock
contributes to the accumulation of awareness, which decays by 50 % in about 15 yr
(µS = 0.05 yr−1).

The memory of flooding makes the community willing to move away from the river.
The distance that is perceived completely safe is 12 000 m (λP) and the ability to resettle5

is proportional to ϕP = 1002 m2 yr−1.
Figure 3a shows a hypothetical time series of high water levels (W (t)) of the Wild-

Waters River for 2000 yr. To explore the evolution of WetTown, we use our concep-
tual model to simulate the dynamic interactions and feedback mechanisms between
the development of the village and the hydrology of floods. We consider three sce-10

narios characterised by different costs of building/raising levees: low-cost (γE = 0.5),
moderate-cost (γE = 50) and high-cost (γE = 5000). In all these scenarios, we assume
that the decay of protection levels is of about 50 % in 200 yr (i.e. κT = 3×10−3 yr−1) and
that levees determine a 50 % exacerbation (ξH = 0.5) of the high water levels.

The panels b–f of Fig. 3 show the results of the simulations for the three scenarios:15

low-cost in red, moderate-cost in blue and high-cost in green. Figure 3b, in particular,
shows the effect of different unit costs of flood protection structures: in the low-cost sce-
nario levees are built immediately after the first flooding has occurred; in the high-cost
scenario the community never reaches the wealth necessary to afford the expenses of
building levees; while in the moderate-cost scenario a shift happens at year 700 circa20

when the levees are first built.
By analysing Fig. 3c, one can observe that the tendency of the community to move

close to the river is exaggerated when levees are built (e.g. Fig. 1). Being close to the
river enhances the economic growth of WetTown, but also its vulnerability to flooding.
In fact, Fig. 3d shows that in the low-cost scenario the fast growth is jeopardised by25

the severity of flood damages, while in the high-cost scenarios growth is less impacted
by the occurrence of flooding. So, in the high-cost scenario, the higher growth rate
experienced by WetTown results in a decreased ability to move (Fig. 3c) and the estab-
lishment of WetTown at a relative stable distance after about 1000 yr. At this distance,
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a balance is found between economic growth and flood damages. On the other hand,
in the low-cost scenario WetTown does not grow fast and continuously resettles back
and forth from the river triggered by flooding events. It is interesting to note the dy-
namics of the moderate-cost scenario. Until year 700 circa, when levees are first built,
the behaviour is exactly the same as in the high-cost scenario (Fig. 3b–d), because5

the community does not have resources to start building levees. As soon as it starts
to build levees, the settlement gets closer to the river (Fig. 3c) and this affects its long
term economic growth (Fig. 3d).

Figure 3e shows the intensity of flooding in terms of relative damage for the three
scenarios. The most striking result is the avoidance of frequent, small flooding events10

at the cost of rare, but catastrophic events when levees are in place (red crosses). On
the contrary, when levees are not built (green pluses), every high water event produces
flooding but the relative damage is less. There are two reasons for this, which show up
clearly by looking at the dynamics of the moderate-cost scenario (blue circles). Until
year 700 flooding events are frequent and of moderate intensity as in the high-cost sce-15

nario. Afterwards, because of the presence of levees, some events are avoided, while
others enhanced. The enhancement is due to: (i) WetTown resettling closer to the river,
and (ii) high water levels exacerbated by the presence of levees. The exacerbation of
high water levels (in turn) also causes differences in the dynamics of the protection
levels (Fig. 3b), which is visible by comparing the moderate- and high-cost scenarios20

between years 700 and 1000. In this period, in the moderate-scenario the commu-
nity starts building levees which are lower than in the low-cost scenarios because the
exacerbation of high water levels has not yet taken place.

By looking at peoples’ awareness of risk in the transition period around year 700
(Fig. 3f), one notices that the presence of levees reduces the awareness of flooding25

because of two reasons: (i) the reduction in the frequency of flooding; and (ii) the false
sense of security due to the construction of additional protection levels. This reduced
awareness of flooding in turn determines the tendency to move closer to the river and
therefore being strongly affected by floods.
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As an additional illustration, Fig. 4 depicts a different assumption on the decay of
the flood protection levels, which is of about 5 % in 200 yr (i.e. κT = 3×10−4 yr−1, much
lower than in Fig. 3). The different decay can be seen by comparing Fig. 4b to Fig. 3b
and it may correspond to a better technology used for the construction of the levees.
The impact of the lower decay of the flood protection structures is twofold: the low-cost5

scenario has the strongest overall growth (Fig. 4d) while it had the weakest one in
Fig. 3d; and in the low-cost scenario only very few high water levels result in flooding,
but of higher intensity (Fig. 4e). This higher impact of rare but catastrophic flooding
events is linked to the low awareness of risk (Fig. 4f) and the close location of the
settlement to the river (Fig. 4c).10

4 Conclusions

This paper describes the conceptualisation of socio-hydrological processes in settled
floodplains. The high complexity of hydrological, economical, political, technological,
and social processes is simplified as much as possible. This is consistent with our goal
to focus on the interactions and feedbacks between these different components.15

Our conceptualisation simulates dominant dynamics in floodplains as fully coupled
human-flood systems. It allows, for instance, a comparison of different trajectories of
economic development corresponding to scenarios where people deal with flooding by
moving away from the river (e.g. living with floods) versus scenarios where people build
levees to protect floodplain areas (e.g. fighting floods). It also shows the emergence of20

typical patterns experienced in many societies, such as the shift from the occurrence of
frequent, small flooding events to the occurrence of rare, catastrophic flood disasters
(Werner and McNamara, 2007).

It should be noted, however, that this conceptualisation unavoidably neglects
some potentially significant aspects related to the heterogeneity of human societies25

(Di Baldassarre et al., 2013), such as the fact that some population groups have less
resources than others to move or choose not to move because they have more to gain
by being close to the river and are willing to take more risk.
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Thus, this conceptualisation should be considered as an educated hypothesis of
how human-flood systems work in a generalised way, rather than as a predictive tool
for a particular location. This conceptualisation enables the unraveling of feedbacks
between hydrological and social processes.

We aim to test the validity of our assumptions by further exploring the socio-5

hydrology of floodplain systems, also via comparative analysis of long time series of
social and hydrological data, along with information about the human interactions with
the environment (e.g. urbanization, land-use, flood control structures) for diverse case
studies, across scales (Blöschl, 2006), levels of human impact and different cultures.

Appendix A10

List of symbols

Tables A1 and A2 list the variables and parameters of the dynamic system, and their
initial conditions and values in the examples of Sect. 3. The subscripts of parameters
refer to the specific domain (E=Economy, P=Politics, T=Technology, S=Society).
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Table A1. Variables of the dynamic system and their initial conditions in the examples of Sect. 3
(Figs. 3 and 4).

Units Description Eq. Domain Type Initial conditions

F [.] intensity of flooding (1) Hydrology event 0
G [L2] size of the human settlement as

a measure of wealth
(4a) Economy state 1002 m2

D [L] distance from the river (4b) Politics state 2000 m
R [L] amount by which the levees are

raised after flooding
(2) Technology event 0 m

H [L] flood protection levels (4c) Technology state 0 m
S [.] shock magnitude (3) Society event 0
M [.] awareness of flood risk (4d) Society state 0
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Table A2. Parameters of the dynamic system and their values in the examples of Sect. 3 (Figs. 3
and 4).

Units Description Eq. Domain Values

ξH [.] proportion of additional high water level
due to levee heightening

(1) Hydrology 0.5

αH [.] parameter related to the slope of the
floodplain and the resilience of the hu-
man settlement

(1) Hydrology 0.01

ρE [T−1] maximum relative growth rate (4a) Economy 0.02 yr−1

λE [L] critical distance from the river beyond
which the settlement can no longer
grow

(4a) Economy 5000 m

γE [.] cost for unit hight R and width
√
G of

levee raising
(4a) Economy 5×10−1, 5×101, 5×103

λP [L] distance at which people would accept
to live when they remember past floods
whose total consequences were per-
ceived as a total destruction of the set-
tlement

(4b) Politics 12 000 m

ϕP [L2 T−1] rate by which new properties can be
built

(4b) Politics 1002 m2yrs−1

εT [.] safety factor for levees rising (2) Technology 1.1
κT [T−1] rate of that decay of levees (4c) Technology 3×10−3 yr−1, 3×10−4 yr−1

αS [.] proportion of shock after flooding if lev-
ees are risen

(3) Society 0.5

µS [T−1] memory loss rate (4d) Society 0.05 yr−1
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Fig. 1. Schematic of human adjustments to flooding: (a) settling away from the river; (b) raising
levees or dikes. The diagrams also show variables used in our conceptualisation: F = intensity
of flooding [.]; G = size of human settlement [L2]; D=distance from the river [L]; H = flood pro-
tection levels [L]; M =awareness of the risk of flooding [.]. (Based on a sketch by Domenico Di
Baldassarre.)
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Fig. 2. Loop diagram showing how hydrological, economical, political, technological, and so-
cial processes are all interlinked and gradually (continuous thin arrows) co-evolve, while be-
ing abruptly (continuous thick arrows) altered by the sudden occurrence of flooding events.
Dashed arrows indicate control mechanisms: * conditions in Eqs. (1) and (2); ** ability to move
in Eq. (4b).
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Fig. 3. The evolution of WetTown and socio-hydrology of floods assuming a fast decay of pro-
tection levels (i.e. κT = 3×10−3 yr−1): (a) high water levels [m]; (b) flood protection levels [m];
(c) distance of WetTown from WildWaters River [m]; (d) size/wealth of WetTown [m2]; (e) rel-
ative flood damages [.]; (f) awareness of the risk of flooding [.]. The colour of lines and points
refers to the three scenarios: low-cost (red), moderate-cost (blue) and high-cost (green).
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Fig. 4. The evolution of WetTown assuming a slow decay of protection levels (i.e. κT =
3×10−4 yr−1): (a) high water levels [m]; (b) flood protection levels [m]; (c) distance of Wet-
Town from WildWaters River [m]; (d) size/wealth of WetTown [m2]; (e) relative flood damages
[.]; (f) awareness of the risk of flooding [.]. The colour of lines and points refers to the three
scenarios: low-cost (red), moderate-cost (blue) and high-cost (green).
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