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% 12 Abstract

27 13
4
29 14 This study uses agent-based modelling (ABM) to assess the socio-hydrological impacts of structural

15  coastal flood protections (SCFPs) under different elimate change scenarios considering three

32 16 contrasting UK case studies: Southport, Weston-super=Mare, and Portsmouth. By integrating extreme
33 17  coastal water level (ECWL) projections and population dynamics, the ABM simulations reveal five
34 18  distinct phases: Design, Implementation; Latencyytilood, and Post-Flood. The results highlight that
35 19  the Latency phase, whereby SCFP initially stabilises affected population (AfP), inadvertently

37 20  encourages population growth in résidual risk areasy This process exacerbates long-term flood

38 21 exposure, leading to significant increases,in AfP when ECWL exceeds the SCFP crest height,

39 22 negating gains in flood protection from the initial construction/upgrade. As such, Southport and

40 23  Weston-super-Mare saw a significant.increase in coastal population within protected floodplains, with
2; 24 these populations potentially having limited experience with flooding, preparedness, and consequently
43 25  heightened vulnerability. Conversely, Portsmouth, with limited residential development near SCFPs,
44 26  demonstrated how existing land-use-and high population density can reduce the unintended socio-

45 27  hydrological consequences of SCEPs in densely-populated coastal settings. These findings reveal two
46 28  key pathways that influence coastal population in response to SCFPs: Land-use Driven, where non-
47 . . [ . . . , . . ..
48 29  residential land-usélimits population increase, and Population Driven, where high-density areas limit
49 30 further growth. This study.advances our understanding of the coupled human-flood dynamics by

50 31 evaluating how SCFPs can increase flood impacts in the long-term by influencing socio-spatial

51 32  distribution over the short- to medium-term. Moreover, it demonstrates how ABMs can provide

g; 33  valuable/nsights by simulating complex coupled human-flood dynamics; critical for supporting

54 34  adaptive, resilient coastal management strategies in a changing climate.
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Introduction

Natural hazards, such as flooding, often lead to significant socio-economic losses and environmental
impacts worldwide (Sharples et al., 2016; Natho and Thieken, 2018). The impacts of climate change
and continued urban development in flood-prone areas exacerbate these risks (Gbadegesin et al.,
2011; Leichenko, 2011). It is therefore critical to manage these risks, both current and futuresto
protect our communities and infrastructure. In many instances, structural measures are often selected
as the hazard mitigation strategy, such as, flood control channels (as in Sanders and Grant 2020),
levees (as in Vora et al., 2018), and seawalls (as in Betzold and Mohamed, 2016). However,
numerous scholars, starting with White (1945), have shown that increasing levels of:structural flood
protection can result in unintended consequences (Tobin, 1995; Burby, 2006; Kates e? al., 2006;
Burton and Cutter, 2008; Montz and Tobin, 2008; Ludy and Kondolf, 2012; Di Baldassarre et al.,
2013a). If the growth of coastal urban areas were driven by population increases alone, the spatial
distribution of new settlements would be the same (Di Baldassarre et al., 2013b). The ¢ycle continues
as greater populations and high-value assets are placed either within or in elose proximity of floodable
areas, producing a need for even greater structural strengthening and/or heightening (or expansion) of
existing structures. Increased safety can induce increased urban development, for example, ultimately
leading to high losses in the event of a structural failure (Kates et a/, 2007). This<oupled human-flood
phenomena has been referred to as the Safe Development Paradox (SDP) (Burby, 2006), Levee Effect
(Di Baldassarre et al., 2015), and Safety Dilemma (Di Baldassarre etal., 2018).

Moreover, recent studies have demonstrated that expansion into high-risk flood areas have accelerated
significantly since 2000, particularly in the most hazard-prone areas (Tellman ez al., 2021).
Additionally, satellite data has also shown a 20 to 24% ris€'in.global flood exposure between 2000
and 2015, far exceeding previous estimates (Andreadis'et als 2022)v These findings underscore the
importance of spatially explicit modelling approaches, such as agent-based models (ABMs), in the
comprehension of evolving socio-hydrological{processes and.the unintended consequences of
structural flood protection in urban areas.

Understanding the coupled human-flood dynamics of these unintended consequences of structural
coastal flood protection (SCFP) and comprehending;them as a function of coastal flood risk and poor
spatial planning is essential in the wake of climate change and induced sea-level rise and increased
storminess. Research of these unintended consequences in fluvial environments is increasing, but
there remains a notable gap in the literature regarding the specific challenges and interactions that
arise in coastal environments, and the socio=hydrological and socio-spatial interactions thereof (Breen
et al., 2022). Almost 70% of literature regarding this topic was focused on flooding from rivers,
compared to 17% in just coastal{(Breen.et al., 2022), meanwhile, between 1970 and 2010, floodable
coastal areas globally have seen 13{3% increase in population, whereas fluvial floodable areas saw a
0.5% decrease (Jongman et al., 2012). Moreover, urban encroachment into high flood probability
areas has intensified since 1985 inimany areas of Asia, Europe, and North America, and since the year
2000, the rate of urban expansion into floodplains has increased by a factor of 1.5 (Andreadis et al.,
2022). This knowledge gappresents a challenge, particularly for coastal urban areas, where socio-
spatial and socio-economic factors and existing land-use patterns may intensify the unintended socio-
hydrological impacts of SCFPs, understanding these phenomena are essential (Loucks, 2015).

This paper expands upon prior.research into the unintended consequences of SCFPs by developing an
agent-based model (ABM), a computational modelling method that simulates interactions between
individual agents and'their environment to understand complex systems (An, 2012). Allowing for the
incorporation of heterogeneous behaviours, spatial dynamics, and adaptive responses of communities
to coastal flooding (Haer et al., 2020). Within this study, ABM was used to simulate how these
coupled human-flood processes and dynamics evolve across three contrasting UK case studies
(Figure 1): Southport, Weston-super-Mare, and Portsmouth. Each site faces unique challenges: the
low-lying areas and saltmarshes of Southport will see increasing coastal flood frequency due to rising
sea levels and storm surges; Weston-super-Mare is vulnerable to tidal flooding, exacerbated by its
positionyon the Bristol Channel, where some of the highest tidal ranges in the world; and Portsmouth,
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a densely populated coastal city which is at significant risk of flooding from both extreme tidal events
and storm surges. By simulating the potential future impacts of Extreme Coastal Water Levels
(ECWL) under various future climate scenarios, this study seeks to understand how SCFPs influence
population growth and socio-spatial changes in protected areas, and to quantify the subsequent
impacts when the ECWL exceeds the crest height of the SCFP, flooding areas initially protected.

Case Study.
Distribution

g

Key
B Case Study Sites
0 50 100 150 200 km ﬂ 3
[ — " — N
=

Figure 1 The distribution of case studies across‘the UK.

The ABM simulation incorporated real-world elevation, sea level, and population spatial data, as well
as projections for sea-level rise, and changes'in population distribution and socio-spatial processes
associated with the construction, or major upgrade, of the local SCFP. The study showed an increase
in SCFP-adjacent AfP following corﬁruction/upgrade, a conclusion supported by current literature
(e.g., Di Baldassarre et al. 2018, Haer et\.al., 2020). This demonstrates that there are lock-in processes
in coastal areas in the UK. Thispaper ¢oncludes by discussing the limitations of ABMs in
representing real-world flood dynamics, while also emphasising their unique ability to integrate
geographical, sociological, and.environmental factors. By advancing our understanding of the
emergent socio-hydrological.consequences of coastal flood protection, this study aims to inform
adaptive management strategies that balance urban development and flood resilience.

Data & Methods

Hydrometry and Sea-Level Rise

Sea-level rise (SLR), storm surge (SS), tidal (7) and wave height (WH) data were used for modelling
Extreme Coastal Water Levels (ECWL) used as input to the ABMs. These were provided by the UK
Met Office and Environment Agency and were the most recent and highest quality data available.

ECWL=SLR+SS+T+ WH

(Eq. 1)
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The following graphs present ECWL up to 2100 under the RCP8.5 scenario, derived using Eq. 1, for
each case study: Southport, shown in blue; Weston-super-Mare (WSM), shown in red; and
Portsmouth, shown in green (Figure 2). The lighter shades represent a 2%AEP (Annul Exceedance
Probability) flood event (i.e., a 2% chance of occurring each year), the core colour represents a
0.5%AEP flood event, and finally the darkest shades represent a 0.1%AEP event, the most extreme
considered within this analysis.

Projected Extreme Coastal Water Level (RCP8.5)
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Figure 2 Historic and projected (1950-2100) ECWs at'the, case studies under the RCP8.5 scenario.

Agent-Based Modelling

The use of ABMs in flood risk analysis and management is growing: Sobiech (2013) developed an
ABM of coastal flooding in Germany with the aim of simulating the dynamics of vulnerability,
focusing on the social context and preconceptions in which decisions, when a flood event occurs, are
taken. Whereas McNamara and Keeler (2013) link sociological and physical models in their ABM,
simulating the impact on the housing market of sea-level rise and increase in storminess on the
American East Coast. Similarly;/Chandra-Putra et al. (2015) developed an ABM to simulate the effect
of sea-level rise and insurance programmes on where people choose to live. Du ef al. (2017)
developed an ABM to understand the coupling between public opinion and flood evacuation
processes, and how these dynamics are influenced.

The ABM interface used for this study was the NetLogo platform and language (as in Dawson ef al,
2011), and had‘five inputs (Figure 3): population data, both, historic and projections (from the Office
for National Statistics, ONS); the LIDAR Composite Digital Terrain Model (DTM) data (from the
Environment.Agency, EA); extreme coastal water levels (ECWLs), historic and projections (from the
Met Office); population distribution vectors; and SCFP projects, construction date and height obtained
from government/council documentation. These inputs are processed by the ABM to produce two key
outputsi’1) the size of population living in floodable areas (AfP), and 2) the Floodable Area (FA4: the
ratio of dry land to flooded land at each iteration).

Page 4 of 35
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ONS
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Figure 3 ABM inputs (red) and outputs (green).

The backdrop of the ABM is a DTM of the locationy with'a resolution of 100m x 100m. Cells were
assigned three-dimensional values, x as longitude, y as latitude, and z as elevation. To increase
processing speed, polynomial equations were used tormodel population, developed using ONS’
projections. Treating population count as the y=axis, time as the .r-axis, and historic population and
population projections as points, an equation was derived. This equation was verified using R-
squared: if the polynomial estimated the'data with a high enough R-squared (R? > 0.99, when 1991 <
x <2043), then it could be used togepresent the data. An R-Squared of 0.99 was selected as
satisfactory as it was an approximation of the acceptable ONS error of 0.96%. Beyond 2043, towards
2100, the accuracy of the ABM'decreases,ds the ABM runs on the polynomial and without ONS
projections. Past 2043, the polynomial follows the trend from the last vertex within the ONS
population data, and carries thatrend onto 2100 to explore long-term implications of population
changes. The output of this equationieach year forms the Total Population.

A secondary parameter thatis key to the ABM is Population Share, the share of the settlement-wide
population that an individual'cell has. The product of the Total Population and the Population Share
of the cells produces the Population Distribution for that year. However, after 2021 there is no
population spatial distribution data or high-resolution population data as the censuses have not been
taken yet. To resolve this, a Population Share Change Rate was calculated. This was determined by
spatially linking and numerically comparing the 2011 and 2021 Population Share vectors (Figure 4a)
and obtaining a rate that reflects the change over time. The Population Share Rate Change vectors
were supported by, the geostatistical testing conducted on the boundaries with real-world Population
and comparing the difference across time between those census Output Areas (OAs, which represent
the/lowest level of geographical area for census statistics) at the coastline and those elsewhere in the
town: A statistically significant difference would give strength to the Population Share Rate Change
as it wouldsuggest that the patterns and trends observed from the rate change at the coastline
compared to those landward of the defence are valuable and should be continued (as in Schoppa et al.,
2024).
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Then, to calculate the Population Share following the 2021 census, the Population Share Rate
Change is multiplied by the current year of the ABM subtracted by 2021, to obtain years elapsed.
These changes are then also multiplied by the 2021 Population Share vector to yield how the
Population Share Rate Change has changed over time, and thus the Population Share for that year
(Figure 4b). Consequently, the product of the Population Share and Total Population of a given year
post-2021 gives the modelled Population Distribution. This Population Distribution is then applied to
the ABM and the flood model is run.

2011 ¥ 2021

8%

/7
=

Figure 4%(a) Population Share of a hypothetical settlement and the comparison of it across time, from
the 20171 (inred)’census compared to the 2021 (in blue) census; (b) Modelled equation to produce
Population Share (Ps) beyond 2021, the Population Share Rate Change vector (in purple) and the
202% Ropulation Share (in blue).

Once a cell comes into contact with the floodwater it is marked as flooded, and the AfP is summated.
Atthe end of each year the land area is reset and the flooded cells returned to their normal state for the

Page 6 of 35
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next iteration. Each year the sea rises following the ECWL scenarios. In a similar manner to
population approximation, annual ECWL changes were interpolated using a polynomial and the Met
Office decadal predictions as datapoints, ensuring that ECWL was continuous. The SCFP is
represented using real-world dimensions and location in the ABM. Once the ECWL is higher than the
SCFP the land around it is assumed that areas are flooded, this happens cell by cell until the
floodwater cannot go any further due to the elevation of the land surrounding it (as in Figure®). This
is one of the key strengths of ABM, allowing the integration of spatial and temporal dynamics, and
modelling long-term responses to environmental change (Haer ef al., 2016; Han ef al., 2020).
Although, in this ABM, future SCFP development was not considered due to the complexity of
projecting policy, and heights and locations of future strengthening. However, whilst out of the scope
of this paper, it is the hope that this paper will provide a springboard for such research.

oONOUVDhWN =
2,0 O0WONOOPWN -

—
w
— —

21 1m ECWL 1.7m 1.4m 1.2m

32 1.5m ECWL

2m ECWL

12
>0 13 Figure 5 Illustratign of the pr@eesses by which cells become flooded by the sea, if there were no

g; 14  SCFP. Thisgean‘occur it all eight directions.
gi 15  Model Set-up and Runs

55 16 Thedagent-based'socio-hydrological model (ABM) has five main stages (Figure 6): Set-up, Populate,
56 17  FRM (Flood Risk Management), Flood, and Export.

58 18  Set-up (setup), firstly clears the ABM of anything from previous iterations (clear-all) and resets the time
59 19 "velapsed to zero (reset-ticks). It then loads the GIS libraries and imports the geospatial data (setup-gis): the
60 20, raster DTM, the dimensions of the raster DTM, and the several population distribution shapefiles. It
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then calls the creation of the boundary (setup-boundary), this boundary shapefile ensures that at the end of
every iteration the land returns to being land and the sea returns to being the sea. Whilst this
subroutine does nothing directly, it provides a failsafe should the flood coding fail or an error to be
produced, and ensures that the data is accurate. Finally, the set-up process applies the elevationvalues
from the DTM to the cells (ask patches [set patch-elevation (gis:raster-sample elevation self)), anything below ECWL
values and outside of the land boundary is then classed as the sea and coloured blue, with land
coloured green. The ABM is now ready and is currently in /=0, once the ABM is allowed to run it
becomes 1991 and the population is applied.

Populate (populate?) is the second stage and is activated as soon as the ABM is allowed to run. Firstly;
the process calls for the creation of the anti-boundary, a shapefile that covers the sea, this isto.ensure
errors are not produced within the ABM: the population distribution shapefile only covers the land, as
that is where people live, however, during rasterisation this creates an error as rasters must.be a
quadrilateral. The anti-boundary handles this by instructing the ABM that cells within the sea have a
population distribution of zero. Next the ABM checks if a decade has passedyyets if it has, it applies
the new population share boundaries from that year (gis:apply-coverage census2001-dataset*BISTRO" patch-distro). If
the ABM gets to 2021, the process applies the 2021 population share but also gives cells a new value,
patch-distrorate. The ABM then either applies this rate change and multiplies, by the population, or uses
the population share and then multiplies by the population as determined by whether it is before 2021
or after.

FRM (defend?) is the third process involved in the running of the ABM;, involving two main steps in its
operation. Firstly, the process checks whether enough time has passed and if the defence should be
accounted for yet. If it has, the process calls the SCFP shapefile, a digitisation of the real-world
defence. The process then adds the defence to the ABM, and instruets the underlying cells within its
boundaries to change their elevation based on the real-world height of the defence (ask patches

gis:intersecting seawall [set patch-elevation defence hcight]).

In contrast, the Flood (flood?) process is the most complex; using bathtub flood modelling whilst also
ensuring flood cell connectivity. The process checks sea cells if they have any land neighbours with
an elevation less than the ECWL (ifelse any? patches Withs[(pcolor = blue) AND (any? neighbors with [patch-elevation < sea-
level-flood AND peolor = lime])]). Whilst this condition,is TRUE, the subroutine repeats, with sea cells
checking neighbouring land cells if their elevation'is lower than the ECWL, if it is marking it flooded,
and temporarily making it part of the'sea. This repeats until there are no more land grid cells that can
be flooded. Then once this subroutine cannet go any further, the ABM counts the squares that have
been flooded and summates their populations (set output (sum [patch-population] of land with [pcolor = blue])), as
determined by the population share shapefile and the Total Population equation. The ABM then
checks if the operator has asked for'an image of the maximum flooded extent of that year (export-
images?), outputs one if so, and then progresses to the next year (tick).

Export (export?) forms the final stage of the ABM. This process ends the ABM once it reaches the year
2100, and exports the AfP-and F4.data collected from the ABM run as a .csv file, which can then be
loaded into a spreadsheet andanalysed.

Page 8 of 35
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Model Validation

Validation was completed for Southport (Figure 7), Weston-super-Mare (Figure 8), and Portsmouth
(Figure 9). The Southport ABM produced an coefficient-of-determination (R?) of 0.992 when
comparing the total population produced by the model to the official ONS data (Figure 7). Similarly,
the Weston-super-Mare ABM had an R? of 0.998 (Figure 8) and Portsmouth (Figure 9) alsothad an
R? 0f 0.992. However, the model of Total Population, for Portsmouth, for example, does not capture
the small-scale peaks and troughs, and are therefore not represented by the ABM. Although,
georeferenced population analysis revealed that changes in coastal population at these areas doesnot
reflect the size of the natural variation within the ONS data. Therefore, these naturalwvariations are not
limited to SCFPs, but spread across the city, confirming that the ABM projects population welly and is
validated in this regard.

The ABM was also validated for both the flooded area (¥'4) and population count (4fP) model
outputs. Using Portsmouth as an example, the Gamma flood model indicatedithat there are 4,630
properties at risk of 1%AEP flooding at the baseline period, 2017 (Cantwell, 2020). Using the 2.5
people per household assumption used in LFRMS (Local Flood Risk Managément Strategy)
modelling (Metropolitan Borough of Sefton Council, 2014), this numbenof houses that would be
translates to 11,575 people. The Portsmouth ABM simulation, when running,on a 1%AEP event,
produces an output of 11,234 people who are directly affected by‘flooding in 2017. Comparing the
AfP output from the Gamma flood model to the one produced by the Portsmouth ABM gives the
Portsmouth ABM an accuracy of 97% for 2017, confirming that the ABM simulates AfP reasonably
well, and is validated in this regard.

One of the main drivers of AfP, determining whether aperson will be flooded or not, is the coastal
flood extent. To run the flood model, the ABM relies onvan accurate DTM, a bare earth model of
elevation derived from the Environment Agency,and accurate estimate of ECWLs derived using data
from the Met Office. The ABM flood extent simulation uses a bathtub approach by comparing the
elevation of a flooded cell to its eight adjacent cells; and if any of those cells are lower than those cells
also become flooded. The bathtub approach.tends to overestimate flooding due to a lack of
connectivity (Kasmalkar et al., 2023).

Nevertheless, the three ABM floodiextent maps cortespond well to that of the Environment Agency,
and provides a good facsimile of floodextent in for Southport (Figure 7), Weston-super-Mare
(Figure 8), and Portsmouth (Figure9). This is evidenced by the comparative maps, the similarity to
the ONS projections and the good correspondance of the AfP output to that produced by the the
Gamma flood model, confirmingthat the ABM simulates coastal flood extent reasonably well, and is
validated in this regard.
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Results

This section presents the ABM socio-hydrological simulation outputs for the three case study sites:
Southport, Weston-super-Mare, and Portsmouth.

Case Study 1: Southport

The new defence at Southport was built in 2002 and provides a 150-year Standard of Protection
(SoP), protecting against a 0.66%AEP event in 2002. The topography of the landscape is presented in
Figure 10.
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Figure 10 Raster histogram base@ on the DTM data used in the Southport ABM.

Before the construction of the.SCEP in Southport, as the ECWL increases, the AfP decreases (Figure
11), while the F4 remains stable (Figure 12). The construction in 2002 led to a sharp decrease in AfP
(Figure 11) and 4 (Figure 12), the magnitude of this decrease is represented by the steep fall in the
AfP derivative (Figure 13). The negative derivative output demonstrates a decreasing gradient in AfP,
that quickly reverts to zero in the following year: it is clear that the construction of the new SCFP had
a positive impact on AfP, as would be expected.

After thedntroduction of the new SCFP, Southport population behind the new defence starts
increasing, followed by a steady increase in the AfP, AfP recovering to pre-defence levels by 2045.
Afterwards;4fP mirrors the growth in Total Population until around 2086 (Figure 11), at which point
the/growth rate stabilises (Figure 13). In spite of increasing ECWL (Figure 11), growth in the F4 of
Southport also slows down and eventually stabilises in the 2050s (Figure 13). The elevation of
Southpoit is predominantly <5m above sea level (Figure 10), and this land is mostly flooded even
after the construction of the new SCFP, with FA decreasing to its lowest of 60% after the defence, and
its highest 78% in 2100 (Figure 12). This is an example of diminishing returns: the higher elevated
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1

2

3 1 places are the less likely to flood, and so would require much higher ECWL, hence the slowdown in
g 2  AfP around this period (Figure 11, Figure 13).

6 3 In 2085 the SCFP crest height will be exceeded (unless upgraded) by the ECWL, flooding thedow-

% 4 lying areas previously defended. AfP increases dramatically as some locations become floodable,

8 5  whilst they were not before, this leads to a rate of increase far greater than the growth of Total

? 6  Population (Figure 11) and a large increase in F'4 (Figure 12). This sudden high-level growth is also
1(1) 7  represented as a large increase in the AfP derivative (Figure 13), jumping to over 33,033yr™ !, far

12 8  greater than the 15,585yr™! people initially protected by the construction: the SCFP'becoming

13 9  exceeded led to an extra 17,448 people now directly affected by flooding (Figure 14). These

14 10  populations protected by the SCFP would not have been flooded during the 2002 to'2085 peried and
15 11 would therefore have limited experience with flooding, decreasing flood awareness and preparedness,
16 12 putting them at a high level of risk. It is unlikely that new urban development would have.been

17 13  sanctioned in the area where new buildings were built in Southport following/the new SCFP

18 14 construction, and that these new populations would have moved there, had.itnot.been built

19 15  (Department for Communities and Local Government, 2012). Moreover,/due to.the increase in ECWL
20 16  between the 2002 and 2085 period (Figure 11), when the SCFP is exceededslow lying areas that had
21 17 not been flooded previously would now be floodable (Figure 14), without flood risk communication,
22 18  these populations would not be prepared for such an event. Therefore, the short-term savings provided
23 19 by the construction of the new SCFP in Southport would be greatly overshadowed by the long-term

24 20  losses, highlighting the importance of considering these unintended consequences in future coastal

25 21 FRM and spatial planning.
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Figure 13 Derivation (dAfP/dY ear) of the population directly affected by flooding with a 0.1% AEP
under the RCP8.5 scenatigpwithiwaves.
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Case Study 2: Weston-super-Mare

The new SCFP at Weston-super-Mare was finished in 2011 and provides a 200-year SoP (i.e.,
providing protection against a 0.5%AEP event in 2011). The topography of the landscape in Figure
15.
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Figure 15 Raster histogram based onthe,DTM data used in the Weston-super-Mare ABM.

Before the upgrading of the new defence in Weston-super-Mare, with a steady increase in ECWL
(Figure 16), AfP also increases'steadily:by3yr~! (Figure 16), while the F4 remained stable (Figure
17). The upgrading of the SCFP in‘Weston-super-Mare led to a decrease in AfP by 78 people, FA by
0.8% (Figure 17), and the derivative of AfP (Figure 18). The decrease in AfP per year is too few to be
apparent in the graphs due to the large AfP increase when the ECWL becoming higher than the crest
height of the SCFP and a flood occurs. This is due to the fact that Weston-super-Mare already had a
mostly effective SCEP, protecting not only itself but also the North Somerset Levels behind with an
upgrade to a 1-in-200-year SoP from a 1-in-50. If there was no other SCFP present, then the decrease
in AfP would likely. be'much.greater.

Following the upgrading of the, SCFP in Weston-super-Mare, the AfP derivative quickly returns to
around 2yr~! steadily increasing to 6yr~! before the defence is exceeded in 2054 (Figure 18);
althoughy there are several smaller peaks in the run up to it being exceeded: a temporary increase to
18yr™' in 2026, 12yr™" in 2046, and 25yr™" in 2048. These slight increases in the AfP derivative are
mostdikely driven by the interaction between the ECWL and the underlying DTM raster data, which
has several smaller frequency peaks between Om and 5m (Figure 15), these interactions also translate
to the slight increases in F'4 across this period (Figure 17). Moreover, changes in population
distribution attributed to the SCFP upgrades may have led to increases, and decreases, in both, AfP
and its derivative.
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Following this period, there was a very steady increase in the AfP of Weston-super-Mare, which
recovers to pre-upgrade levels by 2031 (Figure 16). The SCFP led to a decrease in F4 from 5.0% to
4.1% the year after (Figure 17). However, once the SCFP is exceeded, the F4 increases from 4.3% to
54.2% in a single year, rising to 56.5% by 2100 (Figure 17). The upgraded SCFP in Weston-super-
Mare is exceeded in 2054 under the ECWL scenario explored, flooding low lying areas previously
defended by it (Figure 19), and new land that had never been flooded before due to higher ECWlis
than had hitherto never been experienced. AfP (Figure 16) and FA (Figure 17) increases drastically.
This sudden increase in AfP translates to a large increase in its derivative (Figure 18), jumping to
26,008yr™!, far greater than the 78yr™! protected when the defence was initially upgraded. The

13 10  upgraded SCFP in Weston-super-Mare being exceeded leads to an extra 25,930 people being directly
14 11 affected by coastal flooding than before the defence was upgraded (Figure 19). These populations

oNOYTULT D WN =

OCONOOAPRWN -

15 12  would have limited experience with flooding, and this would likely impair flood awareness,
16 13  preparedness, and consequently responsiveness. This highlights the importance of flood risk
17 14  communication, so that when large-scale inundation events do occur, the population is‘ready and

18 15 capable. Therefore, the short-term savings provided by the upgrading of the SCEP in Weston-super-
19 16  Mare would be greatly overshadowed by the long-term losses, highlighting thedmportance of
20 17  considering these unintended consequences in future coastal FRM and spatial planning.
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Figure 17 Ratio of dry land to wet land (F'4) and population directly affected by coastal flooding with

a 0.1% AEP under the RCP8.5 scenario with waves.
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Case Study 3: Portsmouth

The defences at Portsmouth were constructed in multiple phases or upgraded multiple times over the
decades: Old Portsmouth site in 2005, NPCS (North Portsea Coastal Scheme) Phase 1 in 20155 NPCS
Phase 2 in 2016, NPCS Phase 3 in 2019, as well as the ongoing Southsea scheme starting in 2022 and
finishing in 2029. Some defences were yet to be built, and information from these came from
planning documentation, these include NPCS Phase 4 (2024), NPCS Phase 5 (2026), and subsections
of the Southsea scheme. The six sub-projects of the Southsea projected have not been reptesented in
the charts below for better visualisation, but are represented by the final Southsea line graph (2029)
which connects the project together. The topography of the landscape in Figure 20.
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Figure 20 Raster histogram bagéd on the DTM data used in the Portsmouth ABM.

Before the Old Portsmeuth SCEP,4fP in Portsmouth was initially flat, then increased year-on-year up
to the construction (Figure 21). Following the completion of the Old Portsmouth SCFP in 2009, AfP
(Figure 21), FA (Figure 22), and the derivative of AfP (Figure 23) all showed decreases, amounting
to a fall of 421yr7's However, the overall amount of AfP increased again to that of before the Old
Portsmouth coastal defenceydue to coastal flooding in other unprotected areas of the city (Figure 21),
confirmed by ‘a continugus rise'in F4 of the city after the initial decrease (Figure 22).

During the period following the Old Portsmouth SCFP and NPCS Phase 1 there was an increase in
AfP, increasing exponentially with the AfP derivative not only remaining positive, but increasing
(Figure 23). Whilst 4 did increase over this period, the rise was steady, whereas the citywide Total
Population rose at its greatest rate (Figure 22) and was therefore the most likely primary driver of AfP
growth over this period, negating decreases in AfP caused by SCFPs. Then, as NPCS phases continue,
AfP remained relatively stable, oscillating between positive and negative growth, with Phase 3 leading
to.a 341 AfP decrease (Figure 23). This phase directly protected the north-west of Portsea Island and
did not see a Total Population decrease over this period, implying that the large decrease is associated
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1

2

3 1 with the SCFP being implemented. The NPCS was designed to operate at its best together, and

4 2 therefore linking with already implemented phases would also provide greater flood protection and

Z 3  impact reduction.

% 4 The completion of the NPCS Phase 5 and Southsea scheme saw the greatest reduction in AfP (Figure
8 5  21), with a decrease of 7200yr™" (Figure 23). Then, once the Southsea scheme had been completed,
?0 6  there was an even greater decrease of 8807yr™! (Figure 23). However, the completion of the NPCS
11 7 Phase 5 scheme led to the greatest decrease in 4, decreasing by 11.4%, from 26.7% to 15.3%,

12 8  compared to a decrease of 3% from the Southsea scheme (Figure 22). This suggests that Southsea.is a
13 9  much more populated area than north Portsmouth, where the NPCS protects. Moreoyer, this is

14 10  concordant with the idea that the area protected by the NPCS is primarily industrial ' with limited
15 11 residential population and that the unintended consequences of SCFPs can be affected.by land
16 12  availability for residential growth (Fusinato et al., 2024).

18 13  Following the large decrease in AfP and F4 in Portsmouth, both factors remain comparatively low,

19 14 with minimal growth rate: AfP growth remains around 4yr™' (Figure 23)/This continues up until 2067
20 15 at which point 4fP increases by 137yr™!, and is the last spike before the significant increase later

21 16  towards the end of the century (Figure 23). These increases begin as the ECWL exceeds the SCFP

22 17  crest height (Figure 21) and inundating areas with higher elevations, less frequent than those around
23 18  the 4m mark (Figure 20). The SCFPs are first exceeded significantly in 2083, and despite the F4 only
24 19  increasing by 0.4% (Figure 22), there is a 2581 increase in AfP(Figure 23), suggesting a densely

25 20  populated area had become flooded, the city centre, as the Old Portsmouth defence being exceeded

26 21 (Figure 24). As time progresses such instances become mote common with the next major one being
27 22 in 2091, with an increase of 759 people who are directly affected:by flooding (Figure 23) and an

28 23  increase of 0.3% in FA (Figure 22). After this, there was andncrease of 1533 people who were

29 24  directly affected by flooding, and a corresponding increase‘of 0.9% in the FA. This matching increase
30 25  in FA4 was triple the 2091 increase, despite having,double the population; this reflects the sizable

31 26  variance within the underlying DTM in Portsmouth (Figure 20). The final large increase in AfP

32 27  occurred not too long after in 2097 when the ABM projected an increase of 652 people in the AfP

28  output (Figure 23) and a corresponding 0:2% increase in FA (Figure 22).

35 29  AfP (Figure 21) and FA (Figure 22) outputs never returned to the levels of before Old Portsmouth.
36 30  Moreover, the decreases in AfP caused by the construction of the NPCS Phase 5 and Southsea SCFPs

;73 31 were much greater than any of the increases in dAfP/dt generated by the ECWL rising to higher than
39 32  the crest height of any of the SCFPs (Figure 24). Although, if the ABM were to run for longer, this

40 33  may become apparent. Exploratory ECWL scenarios beyond 2100 are available, but they are of less
41 34 statistical certainty than those used upito the end of the twenty-first century. The NPCS protected the
42 35  northern part of Portsea Island, an area dominated by industry; this led to limited change in AfP per

43 36  phase, until the completion of the'fifth phases of the project that linked the project together. However,
44 37  the change in FA comparéed to theichange in AfP for NPCS Phase 5 reflects the low population density
45 38  of'the area, and suggest‘a strong link between the impacts of SCFPs and the land use of the local

46 39 area. Moreover, as demonstrated by census and LiDAR change data, there was limited change in the
47 40  residential area by the NPCS Phase 1 SCFP, this may also indicate an upper capacity limit that would
48 41  also influence the impacts of SCFP, and hence there was no statistically significant difference in the
49 42  change in population distribution. Therefore, to summarise, the overall effect of the combined SCFP
50 43  schemes in Portsmouth meantithat AfP did not increase back to levels prior to the completion of the
51 44  Old Portsmouth SCFP./The repeated SCFP schemes limited inundation, and pre-existing land use and
gg 45  urban development reduced potential socio-economic impacts.

54

55

56

57

58

59



oNOYTULT D WN =

£ WN=-

5
6

7

AUTHOR SUBMITTED MANUSCRIPT - ERIS-100683.R1

= = Old Portsmouth == Ph1 Ph2 Ph3 Ph4 == Ph5

300000

200000

Affected Population (Count)

== Total Population == Affected Population == ECWL

= Southsea

Year

100000 S
1
i |
i} b | _'! 0
2000 2025 2050 2075 2100
~

Total Population (Count)

Figure 21 Total Population, Affected Population, and ECWL with a 0:1%,AERainder the RCP8.5

scenario with waves.
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Figure 22 Ratio of drygland towet land'(#4) and population directly affected by coastal flooding with

a 0.1% AEP under the RCRS.5 scenario with waves.
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Figure 23 Derivation (dAfP/dYear) of the population directly affected byleoastal'flooding with a
0.1% AEP under the RCP8.5 scenario with waves.
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simulation of the spatial distribution of 4fP in Portsmouth across the century.
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1 Discussion & Conclusion

2 Agent-based modelling (ABM) of the socio-hydrological processes at the SCFP demonstrated clear
3  emergent phenomena. The results suggest that during a Latency phase (Figure 25), population would
4  continue to increase behind the SCFP whilst the ECWL continues to increase. This would continue
5  until the ECWL exceeds the SCFP crest height and, in locations with flatter topography (such'as’in

10 ? Weston-super-Mare, Figure 19), the flood extent would reach a far greater area than before, visiblein
8
9

oNOYTULT D WN =

the spatial AP mapping and demonstrating the utility of SCFPs. The combination of an inecreased
settlement behind the SCFP and a larger flood extent would see a far greater proportion affected by
the flooding than when the defence was initially built, leading to the large AAfPs. From the lack of
14 10  past flooding experience would be less prepared in the event of low-frequency, high-impact flooding
15 11 (Ridolfi et al., 2021), an event exacerbated by the SCFP which limits higher-frequency, lower-impact
16 12  inundations (Haer et al., 2020). Notably, when flood risk is covered collectively, such as by a flood
17 13  insurance scheme, population growth in floodplains is substantially higher than where insurance

18 14 reflects individual household risk, leading to accelerated increases in long-térm flood exposure

19 15  (Tesselaar et al., 2023), these processes could be integrated into the agent-based'miodel in future

20 16 studies.

| ]

23 1: Design 3: Latency al 5: Post-Flood

w
w
Affected Population

41 ~ I
42 —— —_————
43 Time

44 17
45 18  Figure 25 Conceptualisatiomef the socio-hydrological processes in a hypothetical town before,

46 19  during, and after a S@FPas cemstructed (or majorly upgraded) and a resulting flood once ECWL
47 20  was greater than the!\SCFP crest height.

48

49 21 Consequently, there is a ¢lear pattern on the implications of SCFP on socio-hydrological processes,
50 22 which can be broken down into five stages (Figure 25):

g; 23 o Stage 1: Design

53 24 During this stage the SCFP is being designed and has not yet been implemented. AfP is

54 25 affected by both the extent of coastal flood inundation and natural population changes.

55 26 ¢ Stage 2: Implementation

56 27 This stage references the construction (or major upgrade) of the SCFP and a dramatic

57 28 decrease in AfP driven by a decrease in the ability of coastal flooding to permeate deeply into
58 29 the settlement.

59 30 e Stage 3: Latency

60 31 During this period, population increases behind the newly constructed (or majorly upgraded)
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SCFP. Meanwhile, ECWL remains lower than SCFP crest height thus AfP sees little change
outside of natural population change.

e Stage 4: Flood
This stage sees the SCFP being exceeded by higher ECWL scenarios and flooding the
settlement behind it. AfP increases dramatically as coastal flooding becomes a large driver of
it again. Due to increases in ECWL, coastal flooding travels further and affects populations at
higher elevations of the town than it was able to previously.

e Stage 5: Post-Flood
This is the final stage and presents the new normal following Stage 4, which new occurs
regularly as the ECWL remains higher than the defence itself (unless upgraded inline with the
increase in ECWL). AfP again returns to being driven by both the extent of coastal flood
inundation and population changes, both, spatially and fundamentally.

In Southport the SCFP initially reduced the AfP, but over time this protection/led to a greater AAfP
when the ECWL exceeds the SCFP crest height due to increased settlementbehind the SCFP (as in Di
Baldassarre et al., 2018). This pattern again aligns with the SDP, leading/to increased exposure once
SCFP are overwhelmed (as in Ludy & Kondolf, 2012). Weston-super-Mareshowed a larger 4A4fP
once the ECWL exceeds the SCFP crest height as many areas were already defended by a seawall.
This echoes findings from Hurricane Katrina whereby the failure of the levee System resulted in
disproportionately high impacts on populations who believed they were safe (Burby 2006; Gotham et
al., 2018). The combination of these factors would therefore likely. cause,a structurally proactive FRM
authority to further enhance SCFP, renewing the SDP. Portsmouth, onithe other hand, demonstrated
that with limited residential development around the NPCS; the role of the SCFPs in shaping
population socio-spatial dynamics is diminished, illustrating'again how land use can moderate the
socio-hydrological impacts of SCFPs in densely populated and highly developed areas, such as
Portsmouth (as in Fletcher, 1992).

Therefore, the study identified two critical pathwaysithat inhibit coastal population growth and
development occurring due to local increases in SCFP. These are, in sequence, Land-use Driven and
Population Driven (Figure 26):

1. Land-use Driven

This represents the case where pre-existing use of land, whether used for industrial, commercial,
or residential purposes. For example, if exiting land use is non-residential, then population
increase cannot occur.

2. Population Driven

This represents the case where an already very high population density limits further population
increases, either due to the economics of supply and demand in the area, or physically limits the
number of people that can live in the area.
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Figure 26 Conceptualisation of the inhibition pathways thatthinder the coastal population growth
during the latency period as an unintended consequencefof SCEP.

The findings of this study, combined with those. of others (e.g., Haer ef al., 2020), suggest that there is
an intangible risk measure that increased from @an upgrade compared to the initial construction, which
would then suggest a cyclicality. The Portsmouth ABM. further exemplified this with the appearance
of the inhibition pathways. These pathways mitigate the unintended impacts of newly constructed, or
upgraded, SCFPs, and from the ABM simulation it became apparent that pre-existing land use or
high-density population can limit growth in pepulation during the latency period and therefore
minimise the absolute change in AfP from beforethe SCFP was constructed to the time that the
ECWL exceeds the SCFP crest height.

However, there are also some limitations assoeciated with using ABMs, one of the main challenges is
the complexity of model calibration'and validation, particularly when incorporating multiple
interacting factors (Sun et al., 2016)5Ensuring that the ABM accurately represents real-world
processes and behaviours requires@xtensive data collection and validation, which can be time-
consuming and resource-intensive. Additionally, overcomplicated ABMs may unintentionally
introduce uncertainty and bias (Smajgl ef al., 2011), reduce the ease of use and evaluation (Miiller et
al., 2014), and can also lead to.potential difficulties in analysing multidimensional data and outputs
(Lee et al., 2015; Sun ef al.;2016).

Realisim Universality
— >
Precision

Figure 27 Trade-offs in model construction between precision, realism, and generality.

ABMs do provide a method of simulating emergent phenomena by replicating behavioural patterns
(Bonabeau, 2002). However, in pursuit of being realistic they often require many parameters,
inevitability becoming more complex, and so move away from comprehensibility and transparency
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(Dubbelboer et al., 2017), becoming less generalisable (Janssen and Ostrom, 2006). To maintain
precision, realism may be sacrificed to produce a more generalised model, applicable in a wider range
of case studies, yet losing its tangibility. Whereas sometimes generality is lost to focus on accurate
predictions for specific case studies (Troy et al., 2015). In developing the ABM, it was necessary to
balance precision, realism, universality, and generality by calibrating model parameters based on best
publicly available data, whilst ensuring that the model remains sufficiently generalisable across
different study areas. These trade-offs are demonstrated in Figure 27, and represent the decisions that
must be made in order to replicate reality in some form. Model calibration and validation wete used to
progress the model towards becoming more precise and realistic, this was balanced against generality
by ensuring that no new local-specific subprocesses were added, and that the script was universal.

Despite these challenges, ABM remains a valuable tool for exploring socio-hydrological processes
and associated emergent phenomena, and assessing the impacts of SCFPs under future climate
scenarios. By integrating socio-spatial and environmental dynamics and institutional factors, ABMs
have the ability to inform more robust and adaptive coastal management strategies for building
resilience to coastal flooding (Erdlenbruch and Bonté, 2018; Haer et al., 2020).«~

Page 30 of 35



Page 31 of 35 AUTHOR SUBMITTED MANUSCRIPT - ERIS-100683.R1

1

2

3

2 1 Acknowledgements

Z 2 This research was funded by the EPSRC grant number EP/T518116/1.

7

: 3 References

10

11 4  An, L. (2012) Modeling human decisions in coupled human and natural systems: Review of agent-
12 5  based models. Ecological Modelling, 229(2012): 25-36

13 6  https://doi.org/10.1016/j.ecolmodel.2011.07.010

14

15 7  Andreadis, K., Wing, O., Colven, E., Gleason, C., Bates, P., Brown, C. (2022) Urbanizing the

16 8 floodplain: global changes of imperviousness in flood-prone areas. Environmental Reseairch Letters,
17 9 17(10): 104024

18 10  https://doi.org/10.1088/1748-9326/ac9197

19 ~

20 11 Betzold, C., Mohamed, 1. (2016) Seawalls as a response to coastal erosion.and flooding: a case study

21 12 from Grande Comore, Comoros (West Indian Ocean). Regional Environmental Change, 17(2017):
22 13 1077-1087
23 14  https://doi.org/10.1007/s10113-016-1044-x

25 15  Bonabeau, E. (2002). Agent-based modeling: Methods and techniques,for simulating human systems.
26 16 Proceedings of the National Academy of Sciences, 99(suppl_3), 7280-7287

;; 17 https://doi.org/10.1073/pnas.082080899
L 4

;g 18  Breen, M.J., Kebede, A.S. and Konig, C.S. (2022) The'Safe Development Paradox in Flood Risk

31 19  Management: A Critical Review. Sustainability, 14(24): 16955

32 20  https://doi.org/ 10.3390/sul42416955

;i 21  Burby, R. (2006) Hurricane Katrina and the Paradoxes of Government Disaster Policy : Bringing

35 22 About Wise Governmental Decisions for HazardousiAreas. The ANNALS of the American Academy of
36 23 Political and Social Science, 604(1): 171-191

37 24 https://doi.org/10.1177/0002716205284676

gg 25  Burton, C., Cutter, S. (2008) LeveeFailures,and Social Vulnerability in the Sacramento-San Joaquin
40 26  Delta Area, California. Natural Hazards Review, 9(3): 136-149

41 27  https://doi.org/10.1061/(ASCE)1527-6988(2008)9:3(136)

jg 28  Cantwell, R. (2020) Estimating the Potential Impact of Climate Change driven weather-events on GB
44 29  Property. Dublin: Gamma

4> 30  Chandra-Putra, H., Zhang, H.,"Andrews, C. (2015) Modeling Real Estate Market Responses to
31 Climate Change in the Coastal Zone. Journal of Artificial Societies and Social Simulation. 18(2): 8
32  https://doi.org/10.18564/jasss.2577

49 33  Dawson, R., Péppe, R., Wang, M. (2011) An agent-based model for risk-based flood incident
34  management. Natural Hazardsy59(2011): 167-189

1 .
gz 35  https://doi.org/10.1007/s11069-011-9745-4
gi 36  Department for Communities and Local Government (2012) Technical Guidance to the National
55 37  Planning Policy Framework. London: DCLG

36 38  DiBaldassarre, G., Kemerink, J., Kooy, M., Brandimarte, L. (2013a) Socio-hydrology:

>7 39  conceptualising human-flood interactions. Hydrology and Earth Systems Science, 17(2013): 3295-
40, 3303

41 httpsi//dei.org/10.5194/hess-17-3295-2013



oNOYTULT D WN =

N
QO OWONO O, A OWON -

—_ A Aa
A WN -

A A
oo ~NO O

NN =
- O

22
23
24

25
26
27

28
29
30
31

32
33
34
35

36
37
38
39

40
41
42
43

44
45

AUTHOR SUBMITTED MANUSCRIPT - ERIS-100683.R1

Di Baldassarre, G., Kooy, M., Kemerink, J., Brandimarte, L. (2013b) Towards understanding the
dynamic behaviour of floodplains as human-water systems. Hydrology and Earth Systems Science,
17(2013): 3235-3244

https://doi.org/10.5194/hess-17-3235-2013

Di Baldassarre, G., Kreibich, H., Vorogushyn, S., Aerts, J., Arnbjerg-Nielsen, K., Barendrecht; M.,
Bates, P., Borga, M., Botzen, W., Bubeck, P., De Marchi, B., Llasat, C., Mazzoleni, M., Molinari, D
Mondino, E., Mard, J., Petrucci, O., Scolobig, A., Viglione, A., and Ward, P. (2018) Hess'Opinions:
An interdisciplinary research agenda to explore the unintended consequences of sttuctural flood
protection. Hydrology and Earth Systems Science, 22(11): 5629-5637
https://doi.org/10.5194/hess-22-5629-2018

Di Baldassarre, G., Viglione, A., Carr, G., Kuil, L., Yan, K. (2015) Debates - Perspectives on socio-
hydrology: Capturing feedbacks between physical and social processes. Water Resources Research,
51(2015): 4770-4781

https://doi.org/10.1002/2014WR016416 =~

Du, E., Cai, X., Sun, Z., Minsker, B. (2017) Exploring the Role of Social Media and Individual
Behaviors in Flood Evacuation Processes: An Agent-Based Modeling Approach. Water Resources
Research. 53(11): 9164-9180

https://doi.org/10.1002/2017WR021192

Dubbelboer, J., Nikolic, 1., Jenkins, K., Hall, J. (2017) An Agent-Based:Model of Flood Risk and
Insurance. Journal of Artificial Societies and Social Simulation»20(1): 6
https://doi.org/10.18564/jasss.3135 »

Erdlenbruch, K., Bonté, B. (2018) Simulating the dynamics of individual adaptation to floods.
Environmental Science; Policy, 84(2018): 134-148

https://doi.org/10.1016/j.envsci.2018.03.005

Fletcher, C. (1992) Sea-level trends and ‘physical'iconsequences: applications to the U.S. shore. Earth
Science Reviews, 33(2): 73-109
https://doi.org/10.1016/0012-8252(92)90021-K

Fusinato, E., Han, S., Kobiyama, Mg Madruga de Brito, M. (2024) Safe development paradox:
evidence and methodological insights from a systematic review. Natural Hazards, 120(2024): 13693-
13714

https://doi.org/10.1007/s1 1069—02436774-2

Gbadegesin, A., Olorunfemi, F.;Raheem, U. (2011) Urban Vulnerability to Climate Change and
Natural Hazards in Nigeria:, Coping with Global Environmental Change, Disasters and Security,
5(39): 669-687

https://doi.org/10.1007/978-3-642-17776-7 39

Gotham, K., Campanellea, R4 Lauve-Moon, K., Powers, B. (2018) Hazard Experience, Geophysical
Vulnerability, and Flood Risk Perceptions in a Postdisaster City, the Case of New Orleans. Risk
Analysis, 38(2): 345-356

https://doi.org/10.111 1/risa.12830

Haer, T., Botzen, W., Aerts, J. (2016). The effectiveness of flood risk communication strategies and
the influence of social networks—insights from an agent-based model. Environmental Science;
Policy, 60(2016): 44-52

https://doi.org/10.1016/j.envsci.2016.03.006

Haer, T., Husby, T., Botzen, W., Aerts, J. (2020) The Safe Development Paradox: An agent-based
model for flood risk under climate change in the European Union. Global Environmental Change,

Page 32 of 35



Page 33 of 35 AUTHOR SUBMITTED MANUSCRIPT - ERIS-100683.R1

1

2

3 1 60(2020): 102009

g 2 https://doi.org/10.1016/j.gloenvcha.2019.102009

? 3 Han, Y., Ash, K., Mao, L., Peng, Z. (2020). An agent-based model for community flood adaptation
8 4 under uncertain sea-level rise. Climatic Change, 162(4): 2257-2276

9 5  https://doi.org/10.1007/s10584-020-02802-6

10

11 6  Janssen, M., Ostrom, E. (2006) Empirically based, agent-based models. Ecology and Society,

12 7 11(2): 37

13 8  https://doi.org/10.5751/ES-01861-110237

14

15 9  Jongman, B., Ward, P., Aerts, J. (2012) Global exposure to river and coastal flooding:'Long term
16 10  trends and changes. Global Environmental Change, 22(4): 823-835

17 11 https://doi.org/10.1016/j.gloenvcha.2012.07.004

18

19 12 Kasmalkar, ., Wagenaar, D., Bill-Weilandt, A., Choong, J., Manimaran,/S., Ning-Lim, T., Rabonza,
20 13 M, Lallemant, D. (2023) Flow-tub model: A modified bathtub flood model.with hydraulic

21 14 connectivity and path-based attenuation. MethodsX, 12(2023): 102525

22 15  https://doi.org/10.1016/j.mex.2023.102524

24 16  Kates, R., Colten, C., Laska, S., Leatherman, P., Clark, W. (2007). Reconstruction of New Orleans
25 17  after Hurricane Katrina: A Research Perspective. Cityscape, 9(3): 5-22
26 18  https://www.jstor.org/stable/20868629

28 19  Kates, R., Colten, C., Laska, S., Leatherman, P., Clark, W. (2007) I%:construction of New Orleans
29 20  after Hurricane Katrina: A Research Perspective. Citysecape; 9(3):5-22
30 21 https://www jstor.org/stable/20868629

32 22  Lee, ], Filatova, T., Ligmann-Zielinska, A., Hassani-Mahmooei, B., Stonedahl, F., Lorscheid, 1.,
33 23 Voinov, A., Polhill, G., Sun, Z., Parker, D..C. (2015) The complexities of agent-based modeling
34 24 output analysis. Journal of Artificial Societies andiSocial Simulation, 18(4): 4

35 25 https:/doi.org/10.18564/jasss.2897

38 26  Leichenko, R. (2011) Climate change and urban resilience. Current Opinion in Environmental
39 27  Sustainability, 3(3): 164-168.
40 28  https://doi.org/10.1016/j.cosust.2010.12.014

A S
42 29  Loucks, D. (2015) Debates—Perspectives on socio-hydrology: Simulating hydrologic-human
43 30 interactions. Water Resources Research. 51(6): 4789-4794
44 31  https://doi.org/10.1002/2015WR01.7002

46 32  Ludy, J., Kondolf, G.{(2012) Floodrisk perception in lands “protected” by 100-year levees. Natural
47 33  Hazards, 61(2): 829-842
48 34  https://doi.org/10.1007/s11069-011-0072-6

50 35  McNamara, D, Keeler, D.(2013) A coupled physical and economic model of the response of coastal
51 36  real estate to climate risk. Nature Climate Change. 3(2013): 559-562
52 37  https://doicorg/10.1038/mclimate 1826

38  Montz, B.; Tobin, G. (2008) Livin’ Large with Levees: Lessons Learned and Lost. Natural Hazards
55 39  Review,9(3):150-157
56 40  https://doi.org/10.1061/(ASCE)1527-6988(2008)9:3(150)

41 Miiller, BsyBalbi, S., Buchmann, C. M., de Sousa, L., Dressler, G., Groeneveld, J., Klassert, C. J., Le,
59 42:.Q. B., Millington, J. D. A., Nolzen, H., Parker, D. C., Polhill, J. G., Schliiter, M., Schulze, J.,
60 43  Schwarz; N., Sun, Z., Taillandier, P., Weise, H. (2014). Standardised and transparent model



oNOYTULT D WN =

© 0o N OOk W N =

_
N —-O

- A
abhw

A A aa
©O©ooNO®

20
21
22

23
24

25
26
27
28

29
30
31
32

33
34
35

36
37
38

39
40
41

AUTHOR SUBMITTED MANUSCRIPT - ERIS-100683.R1 Page 34 of 35

descriptions for agent-based models: Current status and prospects. Environmental Modelling;
Software, 55(2014): 156-163

Natho, S., Thieken, A. (2018) Implementation and adaptation of a macro-scale method to assess and
monitor direct economic losses caused by natural hazards. International Journal of Disaster Risk
Reduction, 28(2018): 191-205.

https://doi.org/10.1016/].ijdrr.2018.03.008

Ridolfi, E., Mondino, E., Di Baldassarre, G. (2021) Hydrological risk: modeling flood memory,and
human proximity to rivers. Hydrology Research, 51(1): 241-252
https://doi.org/10.2166/nh.2020.195

Sanders, B., Grant, S. (2020) Re-envisioning stormwater infrastructure for ultrahazardous flooding.
WIREs Water, 7(2): 1414.
https://doi.org/10.1002/wat2.1414

Schoppa, L., Barendrecht, M., Paprotny, D., Sairam, N., Sieg, T., Kreibi¢ch, H.(2024) Projecting
Flood Risk Dynamics for Effective Long-Term Adaptation. Earth’s Future; 12(3):/022EF003258
https://doi.org/10.1029/2022EF003258

Sharples, J., Cary, G., Fox-Hughes, P., Mooney, S., Evans, J., Fletcher, M., Eromm, M., Grierson, P.,
McRae, R., Baker, P. (2016) Natural hazards in Australia: extremebushfire. Climatic Change,
139(2016): 85-99.

https://doi.org/10.1007/s10584-016-1811-1

Smajgl, A., Brown, D. G., Valbuena, D., Huigen, M. G. A. (2011): ﬁmpirical characterisation of agent
behaviours in socio-ecological systems. Environmental Modelling; Software, 26(7): 837-844.
https://doi.org/10.1016/j.envsoft.2011.02.011

Sobiech, C. (2013) Agent-Based Simulation of Vulnerability Dynamics: A Case Study of the German
North Sea Coast. Berlin: Springer

Sun, Z., Lorscheid, 1., Millington, J. D., Lauf, S.; Magliocca, N. R., Groeneveld, J., Balbi, S., Nolzen,
H., Miiller, B., Schulze, J., BuchmannyC. M. (2016). Simple or complicated agent-based models? A
complicated issue. Environmental Modelling, Sofiware, 86(2016): 56-67.
https://doi.org/10.1016/j.envsoft.2016.09.006

Tellman, B., Sullivan, J., Kuhn, C., Eettner, A., Doyle, C., Brakenridge, G., Erickson, T., Slayback,
D. (2021) Satellite imaging reveals increased proportion of population exposed to floods. Nature,
596(2021): 80-86.

https://doi.org/10.1038/s41586-021-03695-w

Tesselaar, M., Botzen, W., Tiggeloven, T., Aerts, J. (2023) Flood insurance is a driver of population
growth in European floodplains. Nature Communications, 14(2023): 7483.
https://doi.org/10.1038/s41467-023-43229-8

Tobin, G. (1995) The Levee Love Affair: A Stormy Relationship?. Journal of the American Water
Resources Association, 31(3): 359-367
https://dot.org/10.1111/5.1752-1688.1995.tb04025.x

Troy, T., Konar, M., Srinivasan, V., Thompson, S. (2015) Moving sociohydrology forward: a
synthesis across studies. Hydrology and Earth Systems Sciences. 19(2015): 3667-3679
https://dei.org/10.5194/hess-19-3667-2015



Page 35 of 35 AUTHOR SUBMITTED MANUSCRIPT - ERIS-100683.R1

Vora, A., Sharma, P., Loliyana, V., Patel, P., Timbadiya, P. (2018) Assessment and Prioritization of
Flood Protection Levees along the Lower Tapi River, India. Natural Hazards Review, 19(4):
05018009.

https://doi.org/10.1061/(ASCE)NH.1527-6996.0000310

White, G. (1945) Human Adjustment to Floods. Chicago: University of Chicago &
L 4 \Q

&
A

&

v

oONOUVDhWN =
Do P OODN -

aOuvuuuuuuuuundADdDDDIEDNDMNDIAEDNDMNDAEWWWWWWWWWWNNNDNNNDNNNDN=S S @92 Qa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0



