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Abstract. Over history, humankind has tended to settle nearprocessesNardi et al, 200§ and among the most valuable
streams because of the role of rivers as transportation corecosystems for providing goods and services to the environ-
ridors and the fertility of riparian areas. However, human ment and supporting biodiversityDpperman et al.2009.
settlements in floodplains have been threatened by the risiince the earliest recorded civilisations (e.g. Mesopotamia,
of flooding. Possible responses have been to resettle awagypt), people have settled in floodplains because they of-
and/or modify the river system by building flood control fer favourable conditions for trade, agriculture, and economic
structures. This has led to a complex web of interactions andlevelopmentDi Baldassarre et al2010. It is estimated that
feedback mechanisms between hydrological and social proalmost one billion people currently live in floodplains.
cesses in settled floodplains. This paper is an attempt to con- There is a very long tradition of studies investigating how
ceptualise these interplays for hypothetical human-flood syshumans adjust to floods\(hite, 1945 and how the oc-
tems. We develop a simple, dynamic model to represent theurrence of flooding (i.e. inundation of floodplains) shapes
interactions and feedback loops between hydrological angatterns of human settlements and land Udgefs et al,
social processes. The model is then used to explore the dy2008 Green et al.2011; Schultz and Elliott2012). Recent
namics of the human-flood system and the effect of changingtudies have also examined the impact of human interven-
individual characteristics, including external forcing such astions (such as flood control measures, land-use change, and
technological development. The results show that the conurbanisation) on the frequency and magnitude of flooding
ceptual model is able to reproduce reciprocal effects betwee(Di Baldassarre et gl2009 Heine and Pinter2012 Remo
floods and people as well as the emergence of typical patet al, 2012).
terns. For instance, when levees are built or raised to pro- However, all these works have been looking at one (or the
tect floodplain areas, their presence not only reduces the fresther) side of the interplay between floods and societies. In
quency of flooding, but also exacerbates high water levelshydrology, for example, humans are typically considered as
Then, because of this exacerbation, higher flood protectiora boundary condition or external forcing to the floodplain
levels are required by society. As a result, more and moresystems and reciprocal links are therefore not represented.
flooding events are avoided, but rare and catastrophic eventdence, there is still a need to understand how societies in-
take place. fluence the frequency of flooding, while the frequency of
flooding (simultaneously) shapes the development of soci-
eties, which (in turn) alter potential floodplain dynamics and
feedbacks[pi Baldassarre et gl2013.
1 Introduction For instance, many societies build and/or raise levees to
protect floodplain areas and therefore reduce the frequency
Floodplains can be defined as the areas that are periodicallyf flooding. Then, because of the reduced frequency of flood-
inundated by the lateral overflow of riverdupk et al. 1989. ing, people feel safer and more intense economic develop-

They are landscape features that are clearly distinguisheghent takes place close to the river. This is the so-called “levee
from neighbouring uplands in terms of their hydrologic
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effect” (White, 1945, whereby, paradoxically, flood control
structures might even increase flood risk as protection from
frequent flooding reduces perceptions of risk. This encour-
ages human settlements in floodplain areas, which are ther
vulnerable to high-consequence and low-probability events
(Burton and Cutter2008 Di Baldassarre et al2009 Ludy
and Kondolf 2012. Thus, the process of building and rais-
ing levees often leads to a shift from frequent flooding of
rural areas to rare, but potentially catastrophic, flooding of
urbanised or industrialised areas (e.g. New Orle¥esner
and McNamara2007. In some regions of the world, such
as California and the Netherlands, a few efforts have been
recently made to partly reverse this common trend of con-
tinuously reducing the probability of flooding while increas-
ing its potential adverse consequences. In particular, flood-
plain reconnections were introduced by removing (or lower-
ing) levees or dikes in a number of river reach¥s (et al,
2003 Opperman et al2009 Salazar et a]2012. It is worth
noting that these few attempts to give back some “room for
the river” were typically facilitated by the increased environ-
mental consciousness in addition to the growing recognition
of floodplains and deltas as precious ecosystems supporting
biodiversity {is et al, 2003 Opperman et al2009 Salazar
etal, 2012.

Despite the lack of understanding of these dynamic inter-
actions between floods and societies and the associated feec.

baCk mechanl_sms, the topic remains largely unexploreq. Ir]:ig. 1. Schematic of human adjustments to floodia) settling
this ComeXt]S'Vapalan et al(2013 proposed the new sci- away from the river, an€b) raising levees or dikes. The diagrams
ence of socio-hydrology, which researches the two-way coUz|so show variables used in our conceptualisatiors the intensity
pling of human and water systems. Socio-hydrology will also of flooding [.]; G is the size of human settlement3]. D is the
have a crucial role in Panta Rhei, the upcoming scientificdistance from the river [L]H is the flood protection levels [L]M
decade of the International Association of Hydrological Sci- is the awareness of the risk of flooding [.]. (Based on a sketch by
ences (IAHSMontanari et al.2013. Domenico Di Baldassarre.)
In the spirit of socio-hydrology, this paper proposes a con-
ceptualisation of the dynamics of settled floodplains as )
deeply intertwined human-flood systems to investigate howdecrease the conveyance of the cross sectiorBdldassarre
humans change the frequency and magnitude of floodingEt @l- 2009 Remo et al. 2012 Heine and Pinter2012).
while the frequency and magnitude of flooding in turn shapel-astly, depending on the memory of the community, the
patterns of human settlements. awareness of flood risk decays with time, and, therefore, the
We conceptualise the socio-hydrology of floodplains by tendency to get close to the river and gain economic benefits
considering a community that starts settling and developind ®SUMes. o _ o
in a flood-prone area. The human settlement is assumed to Hence, our conceptualisation considers five different types
develop close to the river and gain the associated economigf Processes: hydrological, economical, political, technologi-
benefits (e.g. trading). However, the abrupt occurrence of@ andsocial (Sec2). These components are all interlinked
flooding causes economic damages. When the human sefnd gradually co-evolve over time, Whllg being abruptly al-
tlement experiences flood events, the community is shockedf"€d Py the sudden occurrence of flooding events. It should
and builds awareness of the risk of flooding. Then, peoplg®® Nnoted that we focus on the interactions and feedback
move away from the river (Figla), build or raise levees to Mechanisms between these components @igrhus, each
protect the floodplain (Figlb) or respond by a combination component is descnb_ed _b_y a simple equation, which is meant
of both. If the human settlement moves away from the river, {0 capture the most significant processes.
the economic benefits from being in a floodplain decline.
Building levees also has an economic cost for the commu-
nity, and (at the same time) it feeds back on the hydrological
system: the presence of levees often exacerbates high wa-
ter levels, as it may reduce the attenuation of floods and/or
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2 Conceptualisation

flood of 1926

heightening of 1845
19,10

We conceptualise the dynamics of human-flood systems e o™ 5
in a simplified way, through a set of differential equa- M/g :
tions whose variables are perturbed occasionally by flooding e
events. We callW (¢) [L] the peak-over threshold time series
of water Ievel§ abpve the bankiull erth (heretaﬁer high Wa_Fig. 2. Historical evolution of the high water levels (left) and levees
t_er Ievel_s), which is a sequence of impulses W_'th non'r_egwar(right) in the Adige River at Masi (Italy) between 1600 and 1933
tlme arnvalg that may or may not cause floodln_g. The 'nte”'(afterDa Deppo et al.2004).
sity of flooding events is represented by the variabie) [.],
which ranges between 0 (no damages) and 1 (total destruc-
tion) and is the proportion of damage (or relative damageiif oy = 0 the proportion of damage is the maximum possible
e.g.Merz et al, 201]) to the human settlement caused by (i.e. total destructionf’ = 1) irrespective of the water level
high values ofW (r). We modelF (r) with what we call the  and the distance of the settlement from the river.dzpkz 0,
Hydrologyequation: total destruction of the settlement is approached when the
water level is extremely high and/or the distance from the
Fe 1- exp(—%) if W+EqH_ > H_ (1) river approaches 0. When flooding occurs, e+ &y H _ >
0 otherwise H_, the minimum ofF" is always positive and approaches 0
for low (flooding) water levels and high distances from the
where the variables evolving with timeare in capital let-  river.
ters (for brevity, the time has not been indicated in the We assume that, immediately after the occurrence of flood-
equations) and the parameters are in Greek with subscrighg, two decisions may be taken: (i) to raise the levees to
H = Hydrology. a level dependent on the high water level associated to the
The three variables involved in Eqgl)(are the high wa- flooding just experienced, or (i) not to raise the levees (and
ter level W (¢), the level of the leveedl (¢) [L], which can possibly move away). The decision to raise the levees is trig-
be seen as a measure of flood protection level,2(q [L], gered by the incentive and the ability to do so. Given a settle-
which is the distance of the centre of mass of the settlemenment of size/wealtlG [L2], we call R(¢) [L] the amount by
to the river (Fig.1). The actual high water level during an which the levees are raised after the flooding event at time
event is indicated by + &4 H _, where the parametéy [.] has occurred and we model it as
represents the proportion of additional high water levels due

to the heightening of levees aril_ (with the “minus” sub- eT(W+EnH-—H) i (F>0)

script) is the height of levees immediately before the flood- p _ and(FG_ > yeRVG.) @)
ing event. As mentioned, this exacerbation is often caused and(G_— FG_> yeRVG))

by reduced flood attenuation and/or altered flood conveyance 0 otherwise

associated to the presence of levees Baldassarre et al. _

2009 Remo et al. 2012 Heine and Pinter2012. In par- where H_ and G_ are the height of levees and the settle-
ticular, Di Baldassarre et ak2009 used flood inundation ~Ment size immediately before the flooding event. People (or
modelling to demonstrate that the enhancement of the higtl€cision-makers) have an incentive to raise the levees if the
water levels in the Po River (Italy) was mainly associatedda@mage CaUS?d by the _ﬂ(_Jodlng (iBG.) is greater than

to the building and heightening of the levee system, whichthe cost of building or raising the levees (&Rv'G-, see
was previously hypothesised iarchi et al.(1996. More Eq. 4a for discussion of these terms). In addition, levees can
recently,Heine and Pinte(2012 further explored the levee b€ raised only if the community is able to afford it: if the
effects upon flood levels by analysing the hydrological datac0Sts (i-eyeR+/G ) are lower than the wealth remaining af-
of 203 river gauges in lllinois and lowa. This empirical study t€r flooding (i.e.G_— FG.). If risen, typically the levees are
showed that high water levels are considerably increased bproug.ht to alevel egual or greater to the water level of the last
the presence of levees. This exacerbation of flood levels wa§XPerienced flooding eventerer and McNamay£007)
found to be “abrupt, statistically significant, and generally by Setting the safety facter [.] greater than 1. Alternatively,
large in magnitude”ieine and Pinte2019. Figure2 shows other choices can be reproduced by setting the parameter
an example of the interlink between levee heightening ancsmallerthan1. .

enhancement of high water levels with reference to a real |nour conceptualisation, the magnitude of the psycholog-

world case study (Adige River at Masi, Ita§a Deppo et a). ical shock experienced by the community immediately after
2004). the flooding depends on both the magnitudef the event

The parametesy [] is related to the topographic charac- @nd the decision on whether to raise levees and therefore in-
teristics of the floodplain, i.e. i is high for a given water ~ crease the protection level. We define the shock magnitude

level the damage reduces considerably with distance, while® () [.] with
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conceptualisation of settled floodplains captures the dynamic
two-way coupling of human and water systems (Big.
The first differential equation is tHeconomyequation, in
m which G(r) [L?] 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

* \:y growing/shrinking component, which is proportionalidt-

size/wealth (G)

Economy

distance (D) —=, flooding (F) levees/dikes (H)
Politics Hydrology RN v Technology

self, and an abrupt shrinking component which is due to flood
& awareness (M) damage. The parametgg [T~ is the maximum relative
SeEel growth rate of the human settlement when the benefits from

: : . : . . being close to the river are maximisegk is therefore ex-
Fig. 3.Loop diagram showing how hydrological, economical, polit- =~ . . "
ical, technological, and social processes are all interlinked and gradt-rms'c""IIy driven and linked to t,he (reg'F’”a' o_r global) econ-
ually (continuous thin arrows) co-evolve, while being abruptly (con- Y- We assume that economic benefits derive from settling
tinuous thick arrows) altered by the sudden occurrence of flooding®s close as possible to the river and we model the penalty of
events. Dashed arrows indicate control mechanigmsnditionsin  Settling away from it with the term & D/Ag. With the pa-
Egs. @) and @); ** ability to move in Eq. (4b). rameterig [L] we indicate a critical distance from the river
beyond which the settlement can no longer grow. Therefore
the growth rate is linearly related to the distaizand, if the
community moves beyond the distarige the growth can be
asF if (R>0) negative.
$= F otherwise (3) The abrupt shrinking of due to the flood damage is mod-
elled as instantaneous through a non periodic Dirac camb
which goes from 0 to 1 similarly to the proportion of damage [T ~1] that is always 0 except wheXi(r) = 0, in which case
F produced by the flooding event. If no additional protection it is +o0o with integral equal to 1. Sinc& (r) is defined as
measures are built after the event (i= 0), the shock is  a function whose roots are located at timexf flooding oc-
equal toF. If protection measures are built, i.e. levees arecurrences, the teritF G + ye R+/G) exists only for flooding
raised to a levelr, the shock may be less thanand the  events. The variableg and R have been defined in EqL)(
sense of security created correspondstag. If the param-  and @). The termFG in Eq. (4a) is the flooding damage
eteras [.] is 0, it is assumed that people perceive the build- while the termye R+/G is the cost of building or raising lev-
ing of additional protection levels as a total remedy and theyees. The parametegt [.] is the cost, in this case described in
feel completely safe from future eventsufly and Kondolf ~ terms of reduction in the settlement’s area, for unit hight
2012. Henceas > 0 means that the remedy is not enough and width/G of levee raising (assumingG as a represen-
to completely alleviate the shock due to the flooding. In thetative length of the settlement edge to protect). In case of high
limiting case, i.eas =1, the community keeps its aware- water levels, i.eA (Y (r)) = 1, the wealth of the community
ness at the maximum level notwithstanding the constructiorshrinks because of damage due to floodihgnd because of
of additional protection levels. costs of raising the levees by a quantity
Equations {)-(3) describe the mechanisms happening The variation in time of the distande(¢) [L] of the cen-
during flooding events, i.e. in our conceptual model we lump,ter of mass of the human settlement from the river is the
as single events, flooding, psychological shock, and the desecond differential equation and is called here Boditics
cision to take action by raising the protection level. In the equation (Eq. 4b). The movement towards and away from
following we describe the dynamic system, which is fully the river is driven by the incentive to move in that direc-
coupled to the Hydrology Eq.lJ. The system consists of tion and by the ability to move. Wit/ (r) [.] we indicate

four differential equations: the awareness to flood risk based on experience/memory of
prior events at time (see Eq. 4d). HighM leads people (or
%—? = PE (1 - ﬁ G+ decision-makers) to settle away from the river, i.e. the settle-

(43) ment grows at higher distances from the river, thus increas-

— . R ) Econom . . ) -
A(Y(@)-(FG+yeRVG y ing the distance of its centre of mags However societies

b _ (M - %) % Politics (4b) can tolerate flooding because of the economic benefits of be-
. _ A(Y ()R —kTH Technology (40 ing close to the river. This is modelled in Eq. (4b) by the

f
“Z—”f — A(T())S — usM Society (40) term —D/Ap. The parametekp [L] represents the trade off

between the memory of flooding events (which makes the
The system represents how economy, politics, technologyeommunity move away from the river) versus the willing-

and society are altered by the hydrology of flooding, which isness to maximise economic benefit by moving close to the

in turn influenced by them (see also Appendix Thus, our  river. Note that\p is related to perception of risk (see e.g.
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Wachinger et a).2012 and political behaviour. Communi- 3 Results

ties and decision-makers may select the tolerance level based

on economic reasoning¢humann and NijsseB011), their ~ Toillustrate the dynamics of the conceptualised flood-human
personal attitude or group culture of being risk-taking or interactions, we show a number of simulations for an hypo-
risk-adverse. Political processes, e.g. popular opinion and apthetical community, named WetTown, settling in the flood-

proaching elections, are likely to further drive decisions. plain of the WildWaters River. We assume that at time O,

The last term in Eq. (4b) defines the ability to move the WetTown is a small village of 10 0004(G (s = 0)), situ-
center of mass of the settlement. We assume that larger uated at 2000 m from the river)((: = 0)). Having just set-
ban areas (i.e. more wealthy settlements) are less capabtied in this area, people do not have experience of flooding
of moving because resettling large groups of people is morgM (t = 0) = 0) and there are no structural measures (e.g.
challenging than resettling small groups. The tesgiv/G levees) for flood protectionH{ (t = 0) = 0 m).

[LT 1] can be seen as the inertia assumed inversely propor- The community starts to get wealthier and therefore larger
tional to the representative lengtiG of the human settle- by trading, facilitated by being settled close to the WildWa-

ment. The parametesp [L2T—1] can be therefore seen as ters River. The river acts as an efficient transportation corri-
a flux parameter and defines the rate by which new properdor and allows a maximum growth-rate of 2 %gj, which

ties can be built. declines when the distance from the river increases and van-
The variation in time of the protection leveél (r) [L] is ishes at 5000 MAE).
the third differential equation and is called here Teehnol- At the same time, high water level$V/(z)) may poten-

ogyequation (Eq. 4c). The construction of flood protection is tially inundate WetTown ¢y = 0.01) and compromise its
driven by the incentive and ability to raise levees as defined ireconomic development. In case of flooding, the inhabitants
Eqg. @). Itis assumed that immediately after a flooding event, of WetTown experience a shock that is halved if levees are
awareness to flood risk is high and, where feasible, leveesaised s = 0.5). The shock contributes to the accumula-
are immediately constructed. The second term in Eq. (4clion of awareness, which decays by 50% in about 15yr
represents the decay of the structural measures with time angles = 0.05yr-1).
the parametext [T~1] is the rate of that decay, which de-  The memory of flooding makes the community willing to
pends on the technology used. Given the focus on the intermove away from the river. The distance that is perceived as
play between the processes within a floodplain system, equacompletely safe is 12 000 m§) and the ability to resettle is
tions are parsimonious and describe the five different types oproportional topp = 100? m?yr—1.
processes with the same level of (reduced) complexity. Ad- Figure4a shows a hypothetical time series of high water
ditional terms can be added to account for additional aspectdevels W (r)) of the WildWaters River for 2000 yr. To explore
when considered significant. For instance, one more parameahe evolution of WetTown, we use our conceptual model to
ter can be added to the Economy equation to simulate a logissimulate the dynamic interactions and feedback mechanisms
tic rather than an exponential growth, or an additional termbetween the development of the village and the hydrology
can be added to Technology equation to account for augmersf floods. We consider three scenarios characterised by dif-
tation and/or repair of flood protection structures. ferent costs of building/raising levees: low-cogt & 0.5),

The variation in time of awareness of flood rigk(r) [.] is moderate-cost)e = 50) and high-cost) = 5000). In all
the fourth differential equation and is called here 8wxial these scenarios, we assume that the decay of protection lev-
equation (Eq. 4d). It expresses the accumulation of awareels is of about 50 % in 200 yr (i.&1 = 3 x 10 3yr~1) and
ness because of psychological shoSlexperienced by peo- that levees determine a 50 % exacerbati&gn=£ 0.5) of the
ple during events (see E®) and its decay due to forget- high water levels.
ting these experiencessM, where the parameters [T 1] Panels b—f of Fig4 show the results of the simulations for
represents the memory loss rate. The assumption of buildthe three scenarios: low-cost in red, moderate-cost in blue
ing risk awareness only immediately after the occurrence ofand high-cost in green. Figueb, in particular, shows the
flood events was derived by the findingsBdian and Klijn  effect of different unit costs of flood protection structures:
(2009, Parker et al(2011), andScolobig et al(2012. More in the low-cost scenario levees are built immediately after
specifically, Scolobig et al.(2012 interviewed 400 people the first flooding has occurred; in the high-cost scenario the
living in flood-prone areas and found out that previous ex-community never reaches the wealth necessary to afford the
perience of flooding was indicated by 90 % of the respon-expenses of building levees; while in the moderate-cost sce-
dents as the main drive for risk awareness, whereas only aario a shift happens at circa year 700 when the levees are
small minority (5 %) mentioned “official information” as one first built.
of the motives for risk awareness. The decay of risk aware- By analysing Fig4c, one can observe that the tendency
ness is schematised to reflect the experience that the higbf the community to move close to the river is exagger-
risk awareness that is commonly observed during and im-ated when levees are built (e.g. FiD. Being close to the
mediately after flooding tends to rapidly dissipate afterwardsriver enhances the economic growth of WetTown, but also
(Baan and Kilijn 2004). its vulnerability to flooding. In fact, Figdd shows that in
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Fig. 4. The evolution of WetTown assuming a fast decay of pro- Fig. 5. The evolution of WetTown assuming a slow decay of pro-
tection levels (i.ext = 3 x 10~3yr~1): (a) high water levels [m];  tection levels (i.ex = 3 x 10~4yr—1): (a) high water levels [m];

(b) flood protection levels [m]c) distance of WetTown from Wild-  (b) flood protection levels [m](c) distance of WetTown from Wild-
Waters River [m];(d) size/wealth of WetTown [I"ﬁ; (e) relative Waters River [m];(d) size/wealth of WetTown [|7r1; (e) relative
flood damages [.]{f) awareness of the risk of flooding [.]. The flood damages [.](f) awareness of the risk of flooding [.]. The
colour of lines and points refers to the three scenarios: low-costcolour of lines and points refers to the three scenarios: low-cost
(red), moderate-cost (blue) and high-cost (green). (red), moderate-cost (blue) and high-cost (green).

the low-cost scenario the fast growth is jeopardised by thehigh-cost scenario. Afterwards, because of the presence of
severity of flood damages, while in the high-cost scenariodevees, some events are avoided, while others enhanced. The
growth is less impacted by the occurrence of flooding. So, inenhancement is due to: (i) WetTown resettling closer to the
the high-cost scenario, the higher growth rate experienced byiver, and (ii) high water levels exacerbated by the presence
WetTown results in a decreased ability to move (Big).and  of levees. The exacerbation of high water levels (in turn) also
the establishment of WetTown at a relative stable distance afeauses differences in the dynamics of the protection levels
ter about 1000 yr. At this distance, a balance is found betweel(Fig. 4b), which is visible by comparing the moderate- and
economic growth and flood damages. On the other hand, ithigh-cost scenarios between years 700 and 1000. In this pe-
the low-cost scenario WetTown does not grow fast and con+iod, in the moderate-scenario the community starts building
tinuously resettles back and forth from the river triggered bylevees, which are lower than in the low-cost scenarios be-
flooding events. It is interesting to note the dynamics of thecause the exacerbation of high water levels has not yet taken
moderate-cost scenario. Until circa year 700, when levees arplace.
first built, the behaviour is exactly the same as in the high- By looking at peoples’ awareness of risk in the transition
cost scenario (Figdb—d), because the community does not period around year 700 (Figf), one notices that the pres-
have resources to start building levees. As soon as it starts tence of levees reduces the awareness of flooding because of
build levees, the settlement gets closer to the river (#9Q. two reasons: (i) the reduction in the frequency of flooding;
and this affects its long term economic growth (Fg). and (ii) the false sense of security due to the construction of
Figure4e shows the intensity of flooding in terms of rel- additional protection levels. This reduced awareness of flood-
ative damage for the three scenarios. The most striking reing in turn determines the tendency to move closer to the river
sult is the avoidance of frequent, small flooding events atand therefore being strongly affected by floods.
the cost of rare, but catastrophic events when levees are in As an additional illustration, Figh depicts a different as-
place (red crosses). On the contrary, when levees are not buitumption on the decay of the flood protection levels, which is
(green pluses), every high-water event produces flooding bubf about 5% in 200 yr (i.ext = 3 x 10~*yr~1, much lower
the relative damage is less. There are two reasons for thighan in Fig.4). The different decay can be seen by comparing
which show up clearly by looking at the dynamics of the Fig. 5b to Fig.4b and it may correspond to a better technol-
moderate-cost scenario (blue circles). Until year 700 flood-ogy used for the construction of the levees. The impact of the
ing events are as frequent and of moderate intensity as in thiewer decay of the flood protection structures is twofold: the
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low-cost scenario has the strongest overall growth (5.
while it had the weakest one in Fidgd; and in the low-cost
scenario only very few high water levels result in flooding,
but of higher intensity (Figse). This higher impact of rare
but catastrophic flooding events is linked to the low aware-
ness of risk (Fig5f) and the close location of the settlement
to the river (Fig.5c).

These example applications focused on the parameters of”
the Technology equation to show the impact of flood protec-
tion measures on the long-term dynamics of floodplain sys-

tems. Future research work will also explore the sensitivity

of the conceptual model to different parameters as well as the
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changes in the evolution pattern induced by altered parame-. _ .
ters (e.gLin et al, 2013, Fig. 6. Example of long-term dynamics of human-flood interac-

h Itin | d . d d by th . tions: human population in Occhiobello (grey dots), surveyed height
The resu ting ong-t_erm ynamics produced by the SOCIO-4¢ e |evee system (black rectangular dots), and high water level
hydrological model (Figs4 and5) were found to reproduce during the 1951 flooding (red cross).

the typical patterns observed in many deltas and floodplain
systems around the world. One of the most striking ele-

ments is that when flood protection structures (e.g. levees) |t should be noted, however, that this conceptualisa-
are economica”y aﬁordable, a shift from frequent ﬂOOding to tion unavoidab|y neg|ects some potentia”y Signiﬁcant as-
rare (but disastrous) flooding occuverner and McNamara pects related to the heterogeneity of human societies
(2007) showed the emergence of this behaviour for the CaSQDi Baldassarre et a|2013, such as the fact that some pop-
study of New Orleans, whil®i Baldassarre et a2013  ylation groups have less resources than others to move or
hlghllghted this tendency in the Po River basin. For instancechoose not to move because they have more to gain by being
Fig. 6 shows, as an example of these dynamics, the Po Riveg|ose to the river and are willing to take more risk. Likewise,
at Occhiobello (Italy), whereby continuous levee heighten-this Jumped model neglects the heterogeneity of hydrologi-
ing has contributed to the increased human population in the |, economical, technological, and political processes. Also,
floodplain area (the aforementioned “levee effect”), and vicegjven the focus on the interactions and feedbacks between
versa. Interestingly, such a population growth was first inter-these different processes, they are all schematised by simple
rupted during the Second World War and later, much moreang parsimonious equations, characterised by the same level
drastically, by the occurrence of the 1951 flooding, which of reduced complexity.

was caused by levee failure. After the 1951 flooding, higher  Thys, this conceptualisation should be considered as an
levees were built and population growth resumed (E)g. educated hypothesis of how human-flood systems work in
a generalised way, rather than as a predictive tool for a partic-
ular location. This conceptualisation enables the unravelling
of feedbacks between hydrological and social processes.

This paper describes the conceptualisation of socio- We aim to test the validity of our assumptions by further

hydrological processes in settled floodplains. The high com£Xploring the socio-hydrology of floodplain systems, also
plexity of hydrological, economical, political, technological, Vid@ comparative analysis of long time series of social and
and social processes is simplified as much as possible. Thigydrological data, along with information about the human
is consistent with our goal to focus on the interactions andintéractions with the environment (e.g. urbanisation, land
feedbacks between these different components. use, flood control structures) for dlvers_e case studl_es, across
Our conceptualisation simulates dominant dynamics inSc@les Bloschl 2009, levels of human impact and different

floodplains as fully coupled human-flood systems. It allows, cultures.
for instance, a comparison of different trajectories of eco-

nomic development corresponding to scenarios where people .
deal with flooding by moving away from the river (e.g. liv- Appendix A
ing with floods) versus scenarios where people build levees .
to protect floodplain areas (e.g. fighting floods). It also showsL'St of symbols
the emergence of typical patterns experienced in many soci- . .
eties, sucgh as the sxrl\Fi)ft frofn the occurFr)ence of frequent,ysmal ables Al and A2 list the variables and parameters of

! : &he dynamic system, and their initial conditions and val-
flooding events to the occurrence of rare, catastrophic floo I 6s in the examples of Se@ The subscripts of parame-
disasters\\Verner and McNamar&007). P P P

ters refer to the specific domain €EEconomy, P=Politics,
T =Technology, S= Society).

4 Conclusions
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Table Al. Variables of the dynamic system and their initial conditions in the examples oB%Eigs.4 and5).

Units  Description Eq. Domain Type Initial conditions
F [] intensity of flooding (IB] Hydrology event O
G [L?] size of the human settlement as a (4a) Economy  state  166n?
measure of wealth
D [L] distance from the river (4b)  Politics state  2000m
R[] amount by which the levees are raised(2) Technology event Om
after flooding
H [L] flood protection levels (4c) Technology state Om
S [ shock magnitude 3 Society event 0
M O[] awareness of flood risk (4d) Society state 0

Table A2. Parameters of the dynamic system and their values in the examples & (&égs.4 and5).

Units Description Eq. Domain Values

& [ proportion of additional high water level due to (1) Hydrology 0.5
levee heightening

a1 parameter related to the slope of the floodplairil) Hydrology  0.01
and the resilience of the human settlement

e [Th maximum relative growth rate (4a) Economy  0.02%r

A [L] critical distance from the river beyond which (4a) Economy 5000 m
the settlement can no longer grow

ve [ cost for unit hightR and width/G of levee (4a) Economy %1071, 5x10%, 5x103
raising

Ap o [L] distance at which people would accept to live(4b) Politics 12000 m

when they remember past floods whose total
consequences were perceived as a total
destruction of the settlement

gop  [L2T71] rate by which new properties can be built (4b)  Politics 466yrs1
et [] safety factor for levees rising 2]  Technology 1.1
T [T rate of that decay of levees (4c) Technology x1®3yr—1 3x104yr-1
as  [] proportion of shock after flooding if levees are(3) Society 0.5
risen
us [T74 memory loss rate (4d)  Society 0.05Vr
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