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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• We model household adaptation and 
migration behavior in face of coastal 
erosion and increasing flood risk in 
France. 

• We find without considering coastal 
adaptation, a worst-case sea level rise 
could induce the cumulative out-
migration of up to 21,700 people 
residing in the 1/100-year flood zone 
(3.7 %) by 2080. 

• Beach renourishment and household 
adaptations reduced this projected net 
outmigration to 13,800 people (2.3 %) 
under the same scenario. 

• Not accounting for coastal erosion could 
result in underestimations of sea level 
rise induced migration. 

• The modeling framework presented in 
this paper addresses multiple environ-
mental impacts of sea level rise on 
coastal communities.  

A R T I C L E  I N F O   

Editor: Sergi Sabater  
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A B S T R A C T   

In this study, we present a novel modeling framework that provides a stylized representation of coastal adap-
tation and migration dynamics under sea level rise (SLR). We develop an agent-based model that simulates 
household and government agents adapting to shoreline change and increasing coastal flood risk. This model is 
coupled to a gravity-based model of migration to simulate coastward migration. Household characteristics are 
derived from local census data from 2015, and household decisions are calibrated based on empirical survey data 
on household adaptation in France. We integrate projections of shoreline retreat and flood inundation levels 
under two Representative Concentration Pathways (RCPs) and account for socioeconomic development under 
two Shared Socioeconomic Pathways (SSPs). The model is then applied to simulate coastal adaptation and 
migration between 2015 and 2080. Our results indicate that without coastal adaptation, SLR could drive the 
cumulative net outmigration of 13,100 up to as many as 21,700 coastal inhabitants between 2015 and 2080 
under SSP2–RCP4.5 and SSP5–RCP8.5, respectively. This amounts to between 3.0 %–3.7 % of the coastal 
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population residing in the 1/100-year flood zone in 2080 under a scenario of SLR. We find that SLR-induced 
migration is largely dependent on the adaptation strategies pursued by households and governments. House-
hold implementation of floodproofing measures combined with beach renourishment reduces the projected SLR- 
induced migration by 31 %–36 % when compared to a migration under a scenario of no adaptation. A sensitivity 
analysis indicates that the effect of beach renourishment on SLR-induced migration largely depends on the level 
of coastal flood protection offered by sandy beaches. By explicitly modeling household behavior combined with 
governmental protection strategies under increasing coastal risks, the framework presented in this study allows 
for a comparison of climate change impacts on coastal communities under different adaptation strategies.   

1. Introduction 

Today, over 100 million people inhabit the coastal 1/100-year 
floodplain, an area that is flooded on average once every 100 years. 
This population is projected to increase to 260 million in 2100 (Merkens 
et al., 2018). Sandy shorelines comprise 31 % of the world’s ice-free 
coastline, providing coastal inhabitants with natural flood protection 
and amenities (Luijendijk et al., 2018; Temmerman et al., 2013). 
Twenty-four percent of the world’s sandy beaches are currently eroding, 
with rates exceeding 0.5 m/year (Luijendijk et al., 2018). Sea level rise 
(SLR) increases relative storm surge heights and subsequent inundation 
level, in turn increasing the coastal flood risk for exposed populations 
(Muis et al., 2020). Rises in sea levels further result in shoreline reces-
sion as beach profiles adjust to the new prevailing wave conditions 
(Zhang et al., 2004). The combined effect of increased storm surge 
height and beach profile adjustment could cause up to 46 % of the 
world’s sandy beaches to retreat by >100 m by 2100 (Vitousek et al., 
2017; Vousdoukas et al., 2020; Zhang et al., 2004). 

The loss of sandy beaches affects coastal communities through 
changes in natural flood protection and the loss of coastal amenities 
(Gopalakrishnan et al., 2011; Landry et al., 2022; McNamara et al., 
2015; Nicholls, 1998; Toimil et al., 2023). In some areas, this increasing 
flood risk may drive people out of the coastal floodplain, a process 
potentially exacerbated by reduced attractiveness through the loss of 
sandy beach amenities (Hauer et al., 2020). SLR-induced changes in 
flood risk and erosion rates could spur the migration of millions of 
coastal inhabitants before the end of this century (Hinkel et al., 2013; 
Lincke and Hinkel, 2021). However, households and governments may 
adapt to these changes in their environments, affecting the migration 
response of communities exposed to SLR (Reimann et al., 2023). 

Households adapt to coastal flood risk by elevating their homes and 
implementing floodproofing measures, such as placing appliances at a 
higher elevation, installing floodwater pumps, or using flood-proof 
building materials (Koerth et al., 2017). Governments adapt by build-
ing (or upgrading existing) flood protection infrastructure and by 
renourishing eroding beaches (Aerts et al., 2018). Lincke and Hinkel 
(2018) found that structural measures, such as dikes, are economically 
feasible for protecting 13 % of the global coastline, which accounts for 
90 % of the global coastal floodplain population. The Netherlands is a 
prime example of a country relying on structural measures; most of its 
population residing in the coastal flood zone is protected against flood 
events with recurrence intervals of 10,000 years (Scussolini et al., 2016). 
In Belgium, the coastal flooding of 1973 led to the Sigma project. This 
project aims to protect the inhabitants of the Schelde estuary against 
flooding with similar recurrence intervals through the elevation and 
strengthening of dikes (Marchand et al., 2006). Further implementation 
and upgrading of structural measures could significantly reduce future 
coastal flood damages due to SLR on a global scale (Tiggeloven et al., 
2020). 

In addition to raising dikes and levees, beach renourishment can be 
applied as an alternative (or complementary) strategy for coastal pro-
tection (Bird and Lewis, 2015b; Temmerman et al., 2013). The practice 
of renourishing eroding beaches is well established in the United States 
and Europe (Houston., 2022; Pranzini et al., 2015). Beach renourish-
ment involves enhancing the sediment budget with sand or gravel 

dredged from harbors or designated borrow areas (Bird and Lewis, 
2015a). Often, renourishment is accompanied by groins and other hard 
infrastructure to minimize the rate of sediment loss (Hanson et al., 
2002). Adaptation to SLR through beach renourishment and flood-
proofing on the property level could reduce the (future) migration of 
people exposed to SLR. Beach renourishment maintains the coastal 
amenity value and enhances coastal flood protection, while property 
floodproofing reduces a household’s vulnerability to flooding (Aerts 
et al., 2018; Hauer et al., 2020). 

Modeling studies on the impacts of SLR on coastal populations tend to 
focus only on forced displacement due to permanent inundation (Hauer, 
2017), increased frequency of coastal flooding (Lincke and Hinkel, 2021), 
or coastal erosion (Hinkel et al., 2013) but do not consider their combined 
effect on adaptation responses. The impacts of SLR on coastal commu-
nities are affected by adaptations to increasing flood risk, such as flood-
proofing and migration, which are in turn influenced by governmental 
protection schemes and individual characteristics (Hauer et al., 2020). A 
research need exists for modeling such interactions from the “bottom up,” 
while considering the household characteristics from which the adapta-
tion response emerges (Horton et al., 2021). 

In this study, we develop a new erosion module within DYNAMO-M, 
a coupled agent-based gravity model that simulates a household’s 
migration and adaptation decisions in the coastal floodplain while 
considering sustained coastward migration from inland areas (de Ruig 
et al., 2022; Haer et al., 2019; Tierolf et al., 2023). We integrate socio-
economic scenarios, shoreline change projections, and beach renour-
ishment decisions in this model of coastal adaptation dynamics. The 
novelty of the methodology presented in this study lies in incorporating 
global projections of shoreline retreat with governmental protection 
schemes through beach renourishment in a model of household adap-
tation and migration behavior. We apply DYNAMO-M, augmented with 
coastal erosion, to simulate coastal adaptation behavior in the 1/100- 
year flood zone from 2015 to 2080 in France. By explicitly modeling 
the effects of SLR-enhanced coastal erosion on household adaptation 
and migration decisions, we aim to develop a model framework that 
allows for a comparison of SLR impacts on coastal communities under 
different adaptation strategies. 

2. Case study area 

The French coastline has seen extensive development over the past 
60 years (Pranzini et al., 2015). The population in the 1/100-year flood 
zone is projected to further increase from 1.6 million in 2000 to 2.33 
million in 2060 (Neumann et al., 2015). In the French Riviera, many 
coastal resorts and yachting harbors were constructed between 1965 
and 1980, often at the expense of natural beaches (Anthony, 1997). 
Areas that were previously sparsely populated on the Atlantic coast due 
to coastal erosion experienced a population increase exceeding 60 % 
between 1960 and 2000 (Lins-de-Barros et al., 2019). Development 
mostly occurred on low-lying and often reclaimed land, protected only 
by narrow stretches of coastal dunes. The erosion of these dune systems 
could result in extensive storm-induced marine flooding before 2050 
(Crapoulet et al., 2016; Maspataud et al., 2013). 

The government of France has instituted several spatial planning 
laws to manage coastal risks. The Conservatoire du Littoral et des Rivages 
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Lacustres (1975) allows the government to acquire coastal areas to 
manage land use and restore and protect coastal wetlands (Pranzini 
et al., 2015). The coastal law (loi Littoral) of 1986 prohibits new urban 
development within 100 m from the upper limit of the shoreline. Since 
1995, French municipalities must adhere to their Coastal Risk Preven-
tion Plans (PPRLs) in pre-defined coastal flooding and erosion hazard 
zones, which outline measures that reduce risk, such as implementing 
flood protection infrastructure and zoning laws (Audère and Robin, 
2021; Deboudt, 2010). This erosion hazard zone is determined by 
extrapolating historic shoreline retreat 100 years into the future and 
adding to this the maximum shoreline retreat in an extreme storm event 
(DDTM, 2015). However, most PPRLs do not account for the impacts of 
SLR on future coastal risks, and many municipalities still allow for 
commercial and residential development within hazardous zones 
(Chadenas et al., 2014; Robert and Schleyer-Lindenmann, 2021). In 
many areas, the costs of defending these properties already exceed their 
value or the financial means of local authorities, forcing the national 
government to resort to expropriation (Meur-Férec et al., 2008). 

Incentives through the mandatory insurance scheme Catastrophes 
Naturelles play only a minor role in household decisions to implement 
floodproofing measures, and government subsidies are rarely applied to 
finance them (Barraqué and Moatty, 2020; Poussin et al., 2013). Indi-
vidual households thus make decisions to finance and implement 
floodproofing measures or to relocate out of the coastal floodplain on 
their own. Poussin et al. (2013) found that although many households 
residing in flood-prone areas in France had implemented some form of 
wet floodproofing measures (e.g., 78 % of respondents had positioned 
electronic appliances above likely flood levels), the implementation rate 
of structural dry floodproofing measures was low (e.g., 21 % had 
strengthened their property foundations against water pressures). The 
lack of structural flood adaptation in hazard zones by households could 
thus be explained by their low flood risk perception, accompanied by 
budget constraints due to a lack of government subsidies (Durand et al., 
2018; Koerth et al., 2017; Poussin et al., 2014). 

To protect the population and assets in the coastal zone against 
marine flooding, coastal managers in France typically rely on hard 
infrastructure, such as sea walls and dikes (Hanson et al., 2002). Beach 
renourishment is only sparsely applied; between 1962 and 2000, an 
estimated volume of 12 million m3 of sand was applied to beach 
renourishment projects in the whole of France, with an average annual 
fill rate of 0.7 million m3 of sand per year (Hanson et al., 2002). This is 
much lower than fill rates in the United Kingdom (4 million m3/year) or 
Spain (10 million m3/year; Hanson et al., 2002). However, the number 
of nourishment projects to preserve and restore sandy beaches for 
tourism and flood protection is increasing (Pranzini et al., 2015). For 
example, in 2014, a total volume of 1.5 million m3 of sand was applied to 
widen beaches and increase protection against coastal flooding in 
several residential districts in Dunkirk (Spodar et al., 2018). 

Since the elevation of existing homes is not considered a cost- 
effective strategy (Aerts et al., 2014; Poussin et al., 2015) and many 
households in France have already implemented some form of wet 
floodproofing measures (Poussin et al., 2013), we focused on modeling 
the implementation of dry floodproofing measures by households. We 
modeled household decisions to migrate or implement dry floodproofing 
measures using an agent-based model (ABM). ABMs allow researchers to 
model interpersonal differences in risk perceptions and their influence 
on adaptation and migration decisions (Bell et al., 2021; Haer et al., 
2019; Klabunde and Willekens, 2016). We captured beach renourish-
ment by simulating a government that could offset shoreline retreat by 
renourishing sandy beaches. Beach renourishment affected household 
decision-making by maintaining the attractiveness of residing close to a 
sandy beach and by reducing coastal flood risk through preserving the 
coastal protection offered by sandy beaches. We assumed that dikes and 
levees protecting homes that are not directly adjacent to sandy beaches 
are continuously raised to match the projected SLR. The model thereby 
aims to provide a stylized representation of household behavior and 

beach renourishment in the face of SLR. 

3. Methodology 

3.1. Model framework 

In this study, we develop a new erosion module within the coupled 
DYNAMO-M agent-based gravity model (de Ruig et al., 2022; Haer et al., 
2019; Tierolf et al., 2023). DYNAMO-M consists of an ABM that simu-
lates household adaptation and migration behavior in the coastal 
floodplain, coupled to a gravity-based migration model that simulates 
migration toward the coastal floodplain and between inland regions 
(Fig. 1). We have simulated household adaptation and migration de-
cisions in response to increasing coastal flood risk using an integrated 
flood risk model at yearly timesteps between 2015 and 2080 (Huizinga 
et al., 2017). 

The study area of France was first divided into departments (NUTS-3 
administrative units), with inland departments represented by inland 
nodes. Each coastal department was split into a coastal zone and an 
inland zone using the 1/100-year coastal flood map of 2080 under 
RCP8.5 (Ward et al., 2020). The inland zone of the department is rep-
resented by an inland node, whereas the coastal zone is represented by a 
coastal node. Both inland and coastal nodes contain information on in-
come and population size, but only households residing in coastal nodes 
are made spatially explicit in 1 km-by-1 km grid cells. 

Households in the coastal nodes experience increasing water levels 
as a direct effect of SLR and the loss of natural coastal flood protection 
and coastal amenity value due to increasing beach erosion rates (see 
model inputs below). Household agents can decide to adapt to these 
changes by implementing dry floodproofing measures, or they may 
migrate out of the current floodplain toward other coastal or inland 
areas (see household decisions below). We further simulated a govern-
ment agent acting on all coastal nodes, which can offset coastal erosion 
through beach renourishment (see government decisions below). House-
holds in the inland nodes were simulated as an aggregated population to 
reduce computational demand. The ABM simulated adaptation behavior 
in each coastal node (household floodproofing and migration, and beach 
renourishment), while a gravity-based migration model simulated in-
ternal migration flows toward the coastal nodes and between the inland 
nodes. 

Migration flows in the model were simulated in three different ways. 
Migration flows from coastal nodes toward all other nodes were simulated 
using the ABM and discounted subjective utility theory (DEU; see 
household decisions below). Households were assumed to migrate when 
the utility of migration to a node had exceeded the utility of remaining in 
the coastal node (with and without implementing floodproofing). 
Migration toward coastal and between inland nodes was simulated using a 
calibrated gravity-based model of migration (see gravity model below). 
The distribution of coastal in-migration from all nodes was simulated at the 
end of each timestep by the ABM. After all migration flows had been 
simulated, the households moving into coastal nodes from both inland 
and other coastal nodes were spatially distributed in 1 km-by-1 km grid 
cells in the 1/100-year floodplain based on flood risk (mediated by the 
perception of the household) and coastal amenity value (see coastal in- 
migration below). 

Population growth, economic development, and SLR were simulated 
under Representative Concentration Pathways (RCP) paired with Shared 
Socioeconomic Pathway (SSP) scenarios (van Vuuren et al., 2014). A 
model description following the overview, design concepts and details 
plus decisions (ODD+D) protocol (Müller et al., 2013) is provided in the 
supplementary information. 

3.2. Model inputs 

Annual inundation levels: Coastal inundation maps for current and 
future climate conditions under RCP4.5 and RCP8.5 were retrieved from 
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the GLOFRIS modeling framework (van Vuuren et al., 2011; Ward et al., 
2020). The flood maps contain inundation levels associated with flood 
events with return periods of 2, 5, 10, 20, 50, 100, 200, 500 and 1000 
years in a spatial resolution of 1 km by 1 km. Inundation maps for 2030, 
2050, and 2080 under RCP4.5 and RCP8.5 were constructed by 
combining gridded projections of SLR with estimations of land subsi-
dence (Jevrejeva et al., 2014; Ward et al., 2020). To derive annual 
inundation levels under RCP4.5 and RCP8.5, we interpolated between 

historical and projected (2030, 2050, and 2080) flood levels (de Ruig 
et al., 2023; Tierolf et al., 2023). Based on the climate scenario specified 
in the model run, the inundation levels for each household were sampled 
for all return periods for its current location in the floodplain. 

Annual shoreline change: We used global shoreline change trends and 
projections developed under the LISCOAST project to simulate shoreline 
change for sandy coastal segments under RCP4.5 and RCP8.5 (Luijendijk 
et al., 2018; Vousdoukas et al., 2020). The dataset contains probabilistic 

Fig. 1. Schematic representation of the DYNAMO-M model framework. An ABM simulates household migration and adaptation decisions considering flood risk and 
shoreline change under coupled RCP–SSP scenarios (see model input). DYNAMO-M is initialized using population statistics on income and wealth, a gridded pop-
ulation map, and a map delineating the 1/100-year floodplain in 2080 under RCP8.5 (see model initialization). In each coastal node (green symbols) representing the 
coastal flood zone of a department (NUTS3 regions), the ABM simulates 1) household migration to other coastal and inland nodes, 2) floodproofing decisions under 
SLR and socioeconomic development, and 3) government adaptation by renourishing eroding beaches. Each year, floods may occur, randomly drawn from a dis-
tribution with annual inundations associated with return periods of up to 1 in 1000 years. This ABM is coupled to a gravity model that simulates migration between 
inland nodes and toward coastal nodes. Note that, for clarity, only a part of France is shown, and not all linking arrows are drawn. 
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shoreline change projections for 2050 and 2100 relative to 2010 under 
RCP4.5 and RCP8.5. These projections were generated by combining 
observed shoreline trends with morphological shoreline adjustment 
driven by SLR using the calibrated Bruun rule (Bruun, 1962). Although 
the generic applicability of the Bruun rule to capture shoreline change 
under SLR has caused considerable debate (Cooper et al., 2020; Pilkey 
et al., 2000; Stive, 2004), this shoreline change model is consistent with 
most long-term morphodynamical beach models (Dean and Houston, 
2016; Passeri et al., 2014; Zhang et al., 2004) and is applicable on the 
national scale (Athanasiou et al., 2020; Ranasinghe, 2020). 

The LISCOAST dataset consists of coastal segments 500 m in length, 
which have been aggregated here in 1-km segments to match the 
inundation level resolution. Following Vousdoukas et al. (2020), we 
assumed an initial beach width of 100 m at the beginning of each model 
run (2015). We interpolated annual shoreline changes by fitting a 
polynomial of 2 degrees on the median of projected shoreline retreat in 
2050 and 2100. 

Yearly population and economic development: Population development 
and economic growth under SSPs were coupled to the RCPs using a 
scenario matrix (van Vuuren et al., 2014). The SSP2 (middle of the road) 
scenario was coupled to RCP4.5, while SSP5 (fossil-fueled development) 
was coupled to RCP8.5. Natural population change under the SSPs was 
distributed over departments by adjusting their current fertility rates 
(Tierolf et al., 2023). The change in gross domestic product (GDP) 
projected in the SSPs was used to adjust household wealth, income, 
property value, and the cost of adaptation and migration. The applied 
population and GDP projections are provided in Supplementary Fig. S1. 

Flood events: We simulated flood events via random draws for each 
department and the exceedance probability of each flood event (e.g., a 
1/10-year flood has a 10 % percent chance of occurring each timestep, a 
1/200-year flood a 0.5 % chance, etc.), after which all households 
residing in the floodplain of the flood event were expected to experience 
flooding and update their risk perceptions (see household decisions). We 
only accounted for flooding with return periods that exceed the current 
flood protection standard (FPS) and assumed a coastal flood protection 
standard of 1/10-years for all coastal areas in France (Tourment et al., 
2018). 

Coastal erosion can affect natural flood protection through the 
erosion of dunes and decreases in dune crest height, resulting in more 
frequent dune overtopping (Benavente et al., 2006). Changes in beach 
profile further alter wave setup, potentially increasing inundation levels 
(Toimil et al., 2023). Studies aimed at quantifying the interaction and 
coupling of coastal erosion and flooding often assess these interactions 
on the scale of individual beaches (Toimil et al., 2023), up to the scale of 
bays or inlets (Benavente et al., 2006; Passeri et al., 2016). Studies at 
larger scales are often limited by the unavailability of high-quality 
morphological data and computational power (Ranasinghe, 2020). 
However, the effect of coastal erosion on coastal inundation levels and 
extent may be greater than the effect of SLR alone and should thus be 
accounted for in studies of coastal responses to SLR (Toimil et al., 2023). 
To account for the effect of coastal erosion on flood protection for 
beachfront properties, we assumed that the FPS for households within 1 
km of an eroding sandy beach segment is reduced to 1 in 5 years once 
shoreline retreat exceeds 100 m. 

3.3. Model initialization 

We generated an agent population in each 1 km-by-1 km raster cell of 
each coastal node by sampling individuals from a gridded population 
map of 2015 overlayed with the 1/100-year coastal floodplain of 2080 
under RCP8.5 (Schiavina et al., 2019; Ward et al., 2020). Individuals 
were grouped into household agents of an average household size of 3.5 
people using a random uniform distribution ranging from 1 to 6. 
Households were assigned positions in a subnational lognormal income 
distribution reflecting various professions. This position was used to 
assign each household’s wealth and disposable income using 

subnational statistics (INSEE, 2017). In each timestep, households 
assessed their current flood damages by sampling from the inundation 
maps of all return periods using household-specific depth-damage 
curves (Huizinga et al., 2017). To create an agent population in which 
some of the households had already implemented adaptation measures, 
all model runs were initiated with a calibrated spin-up period of 15 
years, during which we simulated household migration and adaptation 
decisions. The parameters applied during this spin-up period were 
calibrated based on the observed implementation rate of dry flood-
proofing measures in France (see model calibration and household de-
cisions). Since datasets on current beach width were not available, we 
assumed that beaches all had an initial width 100 m in 2015 and 
simulated beach renourishment during the spin-up period. 

3.4. Household decisions 

Households residing in the coastal 1/100-year flood zone were 
assumed to make decisions based on subjective time-discounted ex-
pected utility theory (DEU; Fishburn, 1981), a commonly applied deci-
sion theory in ABMs of household adaptation and migration (Bell et al., 
2021; De Koning and Filatova, 2020; de Ruig et al., 2022; Haer et al., 
2019). DEU allows for a direct weighing of a household’s adaptation 
strategies while accounting for subjective risk perceptions and risk 
preference over time, considering experiences with flooding (Di Bal-
dassarre et al., 2013; Haer et al., 2017). Individual agents aim to 
maximize the utility outcome of each decision, considering the bounded 
rationality of risk perceptions (see bounded rationality below). At each 
timestep, representing 1 year, each household was assumed to evaluate 
the following strategies:  

1) Doing nothing (Eq. (1));  
2) Implementing dry floodproofing measures (Eq. (2)); and  
3) Migrating to department y (Eq. (3)) 

DEU1 =

∫ pI

pi
βt*pi*U

(
∑T

t=0

Wx + Ax + Incx − Dx,i

(1 + r)t

)

dp (1)  

DEU2 =

∫ pI

pi
βt*pi*U

(
∑T

t=0

Wx + Ax + Incx − Dadapt
x,i − Cadapt

t

(1 + r)t

)

dp (2)  

DEU3 = U

(
∑T

t=0

W + A+ Inc − Cmigration
y,t

(1 + r)t

)

(3) 

In each timestep in the model, each household was assumed to 
execute the strategy within its budget constraint that yielded the highest 
subjective time-discounted utility (see budget constraint below). Utility 
was calculated for each event i that had a probability pi of occurring; 
DEU was calculated as the approximated integral over all events I (de 
Ruig et al., 2022; Haer et al., 2019; Tierolf et al., 2023), which repre-
sents floods with return periods of 1 up to 1000 years (see model inputs 
above), and the event of no flood occurring. 

Risk aversion and time discounting: We applied a general utility func-
tion following constant relative risk aversion (Bombardini and Trebbi, 
2012). The model was run with slightly risk-averse households, in which 
case U(x) = Ln(x). We applied a time discounting factor (r) of 3.2 % 
specific to France over a decision horizon (T) of 15 years, set to reflect 
the average time a homeowner spends in their home (Evans and Sezer, 
2005). 

Calculating utility: The DEU of each strategy is a function of current 
risk perception (βt), current household wealth (Wx), current coastal 
amenity value (Ax), current household income (Incx), the current ex-
pected damages without (Dx,i) and with adaptation (Dadapt

x,i ) under each 

event I, and annualized adaptation costs (Cadapt
t ). Although we updated 

household wealth, amenity value, income, and damages with SLR and 
economic change in each model timestep in accordance with the 
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SSP–RCP combination applied in the model run, we assumed households 
to not have any future expectations of these values within the decision 
horizon T. We also assumed that households could only invest a fixed 
percentage of their disposable income in floodproofing measures and 
would only consider floodproofing measures if the investment costs fell 
within this budget constraint (see cost of dry floodproofing and budget 
constraint below). In calculating the DEU of migration, additional factors 
included expected wealth, coastal amenity value, and income in location 
y (Wy, Ay, Iy) and the cost of migration (Cmigration; see migration decisions 
below). Household’s current income (Ix) were sampled based on their 
positions in a subnational lognormal income distribution (INSEE, 2017), 
while wealth (Wx) was calculated using ratios of wealth to disposable 
income (Eurostat, 2020). 

Bounded rationality: People generally exhibit bounded rational 
behavior and base their behavioral choices on the limited information 
available to them (Simon, 1955). For example, perceived flood proba-
bilities differ from objective flood probabilities based on flood experi-
ence (Kunreuther, 1996). To capture underestimations of flood risk in 
the absence of flooding and overestimations of risk when households 
have just experienced a flood, we modeled a dynamic risk perception (βt) 
that converted the objective flood probabilities to perceived (subjective) 
probabilities (Haer et al., 2017). We defined βt as a function of the 
number of years after the most recent flood event (Eq. 4). Risk percep-
tion was expected to peak immediately after the flood event, leading to 
an overestimation of the flooding probability (βt > 1). Over time, this 
perception was expected to decrease, resulting in an underestimation of 
flooding probability (βt < 1). The maximum overestimation of flooding 
probability c was calibrated by Tierolf et al. (2023) using survey data on 
the uptake of floodproofing measures in France (Poussin et al., 2013; see 
model calibration below). 

βt = c*1.6− d*t + 0.01 (4) 

Flood damages: To determine flood damages as a function of inun-
dation level, a maximum damage value estimated for France was used 
together with depth damage curves for residential structures in Europe; 
both were obtained from Huizinga et al. (2017). Dry floodproofing 
measures, which prevent water from entering the structure, were 
captured by altering the depth damage curves so that damage at water 
levels below 1 m was reduced by 85 %. Inundation above 1 m could 
overtop the dry floodproofing, resulting in full damage. 

Cost of dry floodproofing: We assumed that households would obtain 
personal loans to finance dry floodproofing measures. Based on Hudson 
(2020), we applied an average adaptation cost of €10,800 per building 
(Cbuilding

0 ), which includes the installing pumps and water barriers. Per- 
building costs were annualized (Cadapt

t ) using a fixed interest rate (r) 
and loan duration (n; Eq. 5), in which households were assumed to pay 
for dry floodproofing measures only for the remainder of loan duration 
n. 

Cadapt
t = Cbuilding

0 *
r*(1 + r)n

(1 + r)n − 1
(5) 

Budget constraint: We followed an expenditure cap definition of 
affordability and assumed that households could invest a fixed per-
centage of their disposable income in dry floodproofing measures 
(Hudson, 2018). If the annual loan cost exceeded this expenditure cap, 
the household could not invest in dry floodproofing measures. The 
expenditure cap, interest rate (r), and loan duration (n) were calibrated 
by Tierolf et al. (2023) based on the observed implementation rate of dry 
floodproofing measures in France; see model calibration below. 

Migration decisions (Eq. 3): For each household in each coastal node x, 
the expected utility of migration to each other coastal and inland node y 
was calculated based the expected income and wealth in y (Iy, Wy), 
amenity value in y (Ay), and the cost of migration to y (Cy; Eq. 3). 
Households were assumed to derive their expected income and wealth 
from the income and wealth distribution within each destination node 

based on their current positions in the income distribution. The expected 
amenity value in each node y (Wy) was calculated based on the average 
coastal amenity value experienced by households sharing the same po-
sition in the income distribution. Migration cost to node y (Cy) was a 
function of geographical distance and fixed migration costs, which 
captured the psychological costs associated with leaving friends and 
relatives (Sjaastad, 1962). Based on estimates of fixed migration costs by 
Kennan and Walker (2011), we set the fixed cost of migration at 
€250,000, which over distance (dist) increased to a maximum migration 
cost of €500,000 (Eq. (6)). 

Cmigration
y =

2*Cfixed

1 + e− 0.05*distxy
(6) 

Coastal and beach amenity value: The amenity value associated with 
residing near the coast was modeled as a function of distance to the coast 
and beach width; both functions were parameterized based on hedonic 
pricing studies, which are based on the concept that property values 
capitalize on amenity values. The approach has been applied to assign 
monetary values to a wide variety of amenities, such as urban green 
space (Czembrowski and Kronenberg, 2016) and unobstructed sea views 
(Muriel et al., 2008). We assumed that households residing within 10 km 
of the coastline would receive premiums of up to 60 % of their wealth 
depending on proximity to the coast (Conroy and Milosch, 2011; Muriel 
et al., 2008). The value of sandy beaches is capitalized in property prices 
located close to the shoreline, but this effect decreases for properties 
located further away from the shoreline (Gopalakrishnan et al., 2011; 
Landry et al., 2022). Landry et al. (2022) found a marginal willingness to 
pay ranging from $1769–$$4773 per additional foot (~0.3 m) of beach 
width for property located closer than 500 ft (~150 m) to the shoreline, 
which decreased to $285–$1606 when located 2500 ft (~762 m) from 
the ocean front. Gopalakrishnan et al. (2011) found one additional foot 
of beach width to result in price premiums of $1440 (0.18 %) and $8800 
(1.10 %) for an average oceanfront property value of $800,000 in North 
Carolina (US). 

Based on these studies and to capture the effect of coastal erosion on 
beach value, households residing in a 1 km-by-1 km grid cell adjacent to 
a sandy beach received an additional amenity premium as a function of 
current beach width. Based on the abovementioned hedonic pricing 
studies, we set this premium at 0.60 % of household wealth per addi-
tional meter of beach width. We assumed that beach widths exceeding 
30 m would not yield additional amenity value, maximizing beach 
amenity value at a premium of 17 % of agent wealth. 

Coastal in-migration: At the beginning of each timestep, migration 
flows from coastal nodes, generated by the ABM, and from inland nodes, 
generated by the gravity model, were added to the receiving depart-
ment. Households migrating toward inland nodes were not required to 
be spatially explicit and were added to the aggregated population. 
Households moving toward coastal nodes were made spatially explicit in 
the 1/100-year floodplain based on the maximization of subjective ex-
pected utility (SEU, Eq. 7). For each household (i) 20 random cells 
within the coastal floodplain were selected, and each cell (j) was 
assessed for its current coastal amenity value (Aj,t) and coastal flood risk 
(EADj,t) mediated by the household’s current risk perception (βt). The 
household was then allocated to the cell with the highest expected utility 
(SEU). 

3.5. Government decisions 

We modeled two government adaptation strategies: 1) renourishment, 
in which all erosion on sandy beaches in the 1/100-year coastal flood-
plain was offset by renourishment; and 2) none, in which governments 
did not renourish beaches. Under Strategy 1, we assumed that the 
government would maintain an FPS protecting against flooding with 10 
year recurrence intervals by heightening dikes and renourishing bea-
ches. Under Strategy 2, we assumed that dikes would be heightened to 
maintain an FPS of 1/10 years into the future but that the flood 
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protection offered by beaches could be lost due to erosion. 
We considered a total of 629 km of sandy shoreline located in the 

coastal floodplain for renourishment, of which 346 km are currently 
retreating under ambient shoreline change (Luijendijk et al., 2018). To 
calculate the volume of sand required to offset erosion in each model 
timestep, we followed Houston (2017) and Dean and Houston (2016) 
and calculated the volume of sand required for each year: 

ΔAt = − LΔSt
(

W*

h* + B

)

(8)  

where At represents the area of shoreline loss at time t from a SLR until t 
(ΔS), L represents the length of the beach, W* represents the width of the 
active beach profile, h* represents closure depth, and B represents berm 
height (see Fig. 2 for a visual representation). Since we used shoreline 
change estimations from Vousdoukas et al. (2020), we substituted the 

annual shoreline recession calculated by ΔS
(

W*
h*+B

)
with estimated 

shoreline retreat until t (ΔXt), resulting in Eq. (9): 

At = − LΔXt (9) 

The shoreline area produced by beach renourishment (AN) of volume 
ΔVN is given by Eq. (10): 

AN =
ΔVN
h* + B

(10) 

Completely offsetting the eroded area ΔASL with renourishment and 
solving for ΔVN results in Eq. (11): 

ΔVt,N = (h* +B)*ΔAt (11) 

We used a global dataset indicating depth of closure (h*) for each 
coastal segment (Athanasiou et al., 2019), which was also used to pro-
vide projections of SLR-induced erosion (Vousdoukas et al., 2020). In 
the absence of a reliable estimation of berm heigh B, we followed 
Vousdoukas et al. (2020) and used the mean sea level contour as the 
landward active profile boundary. 

To calculate the projected renourishment cost, we multiplied the 
required sand volume by an estimated sand cost per m3. The cost of 
beach renourishment in the European Union ranges between €4.6–€10/ 
m3 (Aerts, 2018). We provide results for €7 per m3 and scale this cost 
annually based on economic growth projected under the SSP. 

3.6. Gravity model 

Migration flows toward coastal nodes and between inland nodes 
were simulated using a gravity-based model of migration (Anderson, 
2011; Ramos, 2016) assuming a migration flow between locations to be 
dependent on their population sizes, and that this flow would decrease 
with increasing distance between the locations (Poot et al., 2016; Rav-
enstein, 1885). The traditional gravity model of population (Pop) and 

distance (Dist) was augmented with income (Inc) and a coastal dummy 
variable (Coastal) to also capture the effect of coastal amenities and 
income differentials on migration flows (Eq. (12); Tierolf et al., 2023). 
The coefficients β0–7 were calibrated by fitting the model to observed 
internal migration flows using ordinary least-squares regressions; see 
model calibration below. 

Ln
(
Flowij

)
=β0 + β1*ln

(
Popt,i

)
+ β2*ln

(
Popt,j

)

+ β3*ln(Inci)+ β4*ln
(
Incj
)
+ β5*Coastali

+ β6*Coastalj + β7*ln
(
Distanceij

)
(12)  

3.7. Adaptation settings and model runs 

We modeled coastal migration and adaptation under the combina-
tions SSP2-RCP4.5 and SSP5-RCP8.5. The amount of SLR-induced 
migration under each SSP-RCP combination was inferred by 
comparing the modeled population development in the coastal flood-
plain under SLR with the population development under a baseline 
scenario of no SLR. We compared SLR-induced net-out migration under 
three different coastal adaptation strategies: 1) NoAdaptation, 2) 
HouseholdAdaptation, and 3) FullAdaptation (see Table 1). Coastward 
migration, dynamic risk perceptions, population growth, and economic 
development are simulated under all strategies. We assumed that 
structural flood protection measures would be raised in accordance with 
SLR. Households experienced changes in beach amenity and coastal 
flood risk under all simulated adaptation strategies. 

Since the model contains several random processes, such as random 
flood events and the spatial allocation of households in the coastal 
floodplain, multiple repetitive runs were created for each behavioral 
setting under both SSP and RCP combinations. To derive the optimal 
number of repetitions while considering computational demand, we 
tested for the convergence of the means and standard deviations of 
simulated population development, flood risk, and adaptation uptake 
under SSP5–RCP8.5 in 2080 (Fig. 3). Following de Ruig et al. (2023), we 
randomly sampled the means and standard deviations of these three 
variables 100 times using sets of 5–50 repetitions for the three adapta-
tion scenarios assessed in the study (NoAdaptation, HouseholdAdaptation 
and FullAdaptation). As shown in Fig. 3, the mean of the model outcome 
remained relatively stable for each set of repetitions assessed. The 
standard deviations increased from five to approximately 40 repetitions, 
which can be explained by low-probability flood events not always being 
captured when considering fewer repetitive runs. The increase in stan-
dard deviation flattened around 40–50 repetitions, indicating that 50 
repetitions were sufficient to capture the range of model outcomes 
simulated under the current model settings. 

3.8. Model calibration 

For a description of the calibration procedures of the depth-damage 

Fig. 2. Definitions of h*, B, and W*. Adapted from Houston (2017).  
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functions and inundation maps applied in the model, we refer to the 
works of Huizinga et al. (2017) and Ward et al. (2020). Here, we provide 
a description of the shoreline change projections, household decisions, 
and gravity model in more detail. 

Shoreline change projections: The global shoreline projections of 
Vousdoukas et al. (2020) focus on three components of shoreline change 
dynamics:  

1) Ambient shoreline change dynamics;  
2) Morphological adjustment to SLR; and  
3) Episodic erosion during extreme storm events. 

Ambient shoreline change dynamics for coastal segments with an 

alongshore spacing of 250 m were calibrated on satellite imagery by 
Luijendijk et al. (2018) and Mentaschi et al. (2018). Morphological 
adjustment to SLR was modeled using the Bruun rule (Bruun, 1962). The 
underlying concept of this approach is that the beach morphology tends 
to adjust to a new prevailing wave climate under SLR. Shoreline retreat 
(R) was calculated as a function of the nearshore active beach slope (β) 
and the increase in mean sea level (SLR; Eq. (13)). Vousdoukas et al. 
(2020) calibrated the Bruun rule using a global dataset of nearshore 
active beach slopes (Athanasiou et al., 2019). Probabilistic SLR pro-
jections under RCPs were derived from Jackson and Jevrejeva (2016). 
Episodic erosion during extreme storm events was estimated using the KD93 
convolution erosion model of Kriebel and Dean (1993). Storm retreat 
was simulated in a probabilistic manner using projections of storm surge 

Table 1 
Simulated adaptation strategies. 

Model se�ng Household migra�on Household adapta�on 
(dry floodproofing)

Government adapta�on 
(renourishment)

NoAdapta�on X
HouseholdAdapta�on X X
FullAdapta�on X X X

Fig. 3. Convergence of mean and standard deviation of model results for 2080 under SSP2-RCP4.5 considering an increasing amount of repetitive model runs. We 
show the mean of model outcome in the top row. The standard deviation (STD) of model outcomes is presented in the bottom row. 
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height and wave action under climate change scenarios (Muis et al., 
2016; Vousdoukas et al., 2018). A detailed description of the procedure 
and links to the datasets can be found in Luijendijk et al. (2018), Men-
taschi et al. (2018), and Vousdoukas et al. (2020). 

R =
1

tan(β)
*SLR (13) 

Household decisions: The household decision rules of the ABM were 
calibrated by Tierolf et al. (2023) using survey data obtained by Poussin 
et al. (2013). Risk perception, expenditure caps, and loan interest rates 
were set so that the modeled implementation rate of floodproofing 
measures matched the implementation rate observed in the survey at the 
start of the model. Consistent with the Federal Emergency Management 
Agency (FEMA) definition of dry floodproofing measures (FEMA, 2021), 
households were considered to have implemented dry floodproofing 
measures if they had completed any of the following:  

1) Strengthened their foundations against pressures due to floodwater;  
2) Implemented water-resistant doors and walls on the ground floor;  
3) Installed anti-backflow valves on pipes to prevent water entering the 

home; or  
4) Installed a pump to remove floodwaters that entered the home. 

The implementation rate of dry floodproofing in France was found to 
range between 9.6 % (households that had installed a pump) and 36.1 % 
(households that had implemented any of the dry floodproofing mea-
sures). To determine which parameter settings resulted in a modeled 
implementation rate of floodproofing measures that reflected the 
implementation rate found by Poussin et al. (2013), Tierolf et al. (2023) 
explored the parameter space of parameter ranges found in the litera-
ture. The resulting parameter settings were also applied in this model 
(Table 2). 

Gravity mode: Migration flows between inland regions and toward 
the coastal floodplain were calibrated on census data representing 
migration flows between departments by Tierolf et al. (2023). Migration 
flows were calibrated by fitting a gravity model on migration flow data 
following an ordinary least-squares regression (Benveniste et al., 2020), 
which yielded an R-squared of 0.71 (Tierolf et al., 2023). At present, 
data on SLR-induced migration in France is not available. Therefore, we 
could not calibrate the model based on observed SLR-induced migration. 
Considering this limitation, we focus our results on comparisons of 
climate and adaptation scenarios rather than a quantification of absolute 
migration numbers. 

3.9. Sensitivity analysis 

DYNAMO-M has previously been shown to be sensitive to changes in 
FPS and fixed migration costs (Tierolf et al., 2023). Here, we performed 
an additional one-at-a-time sensitivity analysis to assess the sensitivity 
to uncertainty in each new specification of beach amenity (50 % and 
150 % of the values used to generate the main results) and the loss of 
flood protection after the disappearance of a sandy beach (beach loss 
reducing the flood protection to protection against flooding to one in 
two year recurrence intervals, and no loss of flood protection). We then 
compared the projected SLR-induced migration, development of coastal 
flood risk, and exposed population to the standard model settings 
described in the Method section. 

4. Results 

In this section, we present the mean results of 50 repetitive model 
runs per scenario. First, we present the modeled SLR-induced migration, 
the development of residential flood risk, and the uptake of dry flood-
proofing measures on a national scale. Next, we highlight our results for 
the three regions most affected by SLR. Then, we present cost estimates 
for beach renourishment and finally discuss the results of the sensitivity 
analysis. 

4.1. Modeled SLR induced-migration and development of residential flood 
risk 

Driven by population growth and coastward migration, the popula-
tion residing in the coastal 1/100-flood zone increased from ~261,000 
inhabitants in 2015 to ~450,000 and ~ 600,000 inhabitants in 2080 
under FullAdaptation under SSP2–RCP4.5 and SSP5–RCP8.5, respec-
tively (Supplementary Fig. S2). Panels a and b of Fig. 4 show the cu-
mulative SLR-induced migration compared to the baseline under both 
SSP2–RCP4.5 and SSP5–RCP8.5 for each of the three adaptation sce-
narios (see methods). SLR drives migration under all adaptation settings. 
However, after 2050, large differences exist in the projected number of 
SLR-induced migrants between adaptation strategies. Without house-
hold and government adaptation to SLR (NoAdaptation), we project, by 
2080, a cumulative net migration of 3.0 % (~13,100 people) or as much 
as 3.7 % (~21,700 people) of the population residing in the coastal flood 
zone under SSP2–RCP4.5 and SSP5–RCP8.5, respectively. Including 
household adaptation without beach renourishment (House-
holdAdaptation) slightly reduced this net migration to 2.6 % (~11,500 
people) and 3.3 % (~20,000 people), respectively. Allowing for both 
household and government adaptation through renourishment (Full-
Adaptation) resulted in the least SLR induced migration, amounting to 
2.0 % (~9100 people) under SSP2–RCP4.5 and 2.3 % (~13,800 people) 
under SSP5–RCP8.5. Compared to a scenario of no coastal adaptation to 
SLR, adaptation by households and governments reduced the total 
projected SLR induced migration in 2080 by 31 % and 36 % under SSP2- 
RCP4.5 and SSP5-RCP8.5, respectively. The slightly lower outmigration 
when also simulating household adaptation decisions in addition to 
household migration shows that households had a slight preference to 
remain and adapt compared to migrating. The larger decrease in out-
migration when accounting for beach renourishment shows that 
renourishment could greatly reduce migration out of the coastal flood 
zone under SLR. 

The development of residential flood risk over time is shown in 
panels c and d of Fig. 4. In a scenario of no coastal adaptation (NoA-
daptation), flood risk expressed in expected annual damage increased 
from €162 million in 2015 to €1542 million and €2583 million in 2080 
under SSP2–RCP4.5 and SSP5–RCP8.5, respectively. Modeling house-
hold adaptation (HouseholdAdaptation) lowered the 2080 projections to 
€1402 million and €2378 million. A scenario of household and gov-
ernment adaptation through beach renourishment (FullAdaptation) 
resulted in a projected flood risk of €1293 million and €2109 million in 
2080 under SSP2–RCP4.5 and SSP5–RCP8.5, respectively. Compared to 
a scenario of no coastal adaptation, a combination of dry floodproofing 
and beach renourishment reduced flood risk by 16 % and 18 % in 2080 
under SSP2–RCP4.5 and SSP5–RCP8.5, respectively. These results show 
that household adaptation and governmental protection schemes 
through beach renourishment could potentially lower coastal flood risk. 

The large increase in coastal flood risk shown in Figs. 4c–d can be 
attributed to the combined effect of increasing asset value through GDP 
development, the increase in exposed population due to population 
growth and coastward migration, and SLR. Projections of the total 
population residing in the 1/100-year floodplain and the development 
of flood risk under a baseline scenario of no SLR are presented in Sup-
plementary Fig. S2. Results for individual departments are provided in 
Supplementary Tables S1–S3. 

Table 2 
Calibrated parameter settings.  

Parameter Value 

Peak risk perception 2 
Loan duration 16 years 
Loan interest rate 4 % 
Expenditure cap 6 %  
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4.2. Implementation of dry floodproofing measures 

Fig. 5 shows the development of the household implementation rate 
of dry floodproofing measures. SLR approximately doubles the imple-
mentation uptake of dry floodproofing under both the strategies of 
HouseholdAdaptation and FullAdaptation. Although the development of 
coastal flood risk is greatly affected by SSP and RCP projections 
(Fig. 4c–d), differences in socioeconomic development and SLR between 
the SSP–RCP scenarios did affect the implementation rate of dry flood-
proofing measures. Coastal protection through beach renourishment did 
not have an effect on the implementation rate of dry floodproofing; the 
implementation rate in both adaptation scenarios peaked around 20 % 
in 2080. This result might hint at a limit to household adaptation to 
flood risk. Through beach renourishment, households residing within 1 
km of a sandy beach did not experience a loss in coastal flood protection, 

whereas flood protection for other households was maintained to 
flooding with 1 in 10 year recurrence intervals. Regional differences 
occurred in household uptake of adaptation measures (Fig. 6; Supple-
mentary table S4). In this section, we present the results under 
SSP5–RCP8.5. 

4.3. Regional adaptation and migration dynamics 

Over 50 % of all SLR-induced migration occurred in three out of the 
25 coastal departments (Nor, Seine-Maritime, and Ille-et-Vilaine, see 
Table 3). These departments saw high levels of migration due to the 
presence of major cities in the coastal floodplain (Duinkerke in Nord and 
le Havre in Seine-Maritime) and the extent of the coastal floodplain (in 
Ille-et-Vilaine), both of which resulted in a large population being 
exposed to coastal flooding (Supplementary Table S2). 

Fig. 4. Modeled cumulative SLR-induced migration between 2015 and 2080 (panels a and b) and the development of residential coastal flood risk (panels c and d) 
under three behavioral settings (NoAdaptation, HouseholdAdaptation, FullAdaptation) in the whole of France. Shadings indicate the lower and upper bounds of 50 
repetitions per model run per behavioral scenario. Lines indicate the means of these runs. Each model run is initialized with a spin-up period of 15 years in which the 
FullAdaptation strategy was applied. 

L. Tierolf et al.                                                                                                                                                                                                                                  



Science of the Total Environment 917 (2024) 170239

11

We project nearly half of the SLR-induced migration to occur in Nord, 
where the cumulative SLR-induced migration up to 2080 under 
RCP8.5–SSP5 amounted to 7500 people under the NoAdaptation strategy 
and 7100 people under the FullAdaptation strategy (Fig. 6, in red). In this 
department, we project that ~112,000 people could inhabit the coastal 
floodplain in 2080, with 15 % of all households having implemented 
floodproofing measures. Beach renourishment was found to have the 
largest effect on reducing SLR-induced migration in absolute numbers in 
Manche, where it reduced the projected number of net migrations from 
~1500 people under a HouseholdAdaptation to ~500 people under 
FullAdaptation. The simulated implementation of dry floodproofing 
measures was highest in Bouches-du-Rhône, located on the Mediterra-
nean coast. In this region, we project a population of ~12,000 people 
residing in the coastal flood zone in 2080, with 66 % of all households 
having implemented floodproofing measures. Beach renourishment and 
household adaptation reduced SLR-induced migration from 200 people 
under NoAdaptation to 100 people under FulAdaptation. The develop-
ment of coastal flood risk, adaptation uptake, and simulated population 
change for each coastal department under SSP2–RCP4.5 and 
SSP5–RCP8.5 are provided in Supplementary Tables S1–3. 

4.4. Renourishment costs 

The simulated beach renourishment volumes and costs are presented 
in Table 4. The total beach renourishment volume under a baseline 
scenario of no SLR (only accounting for ambient changes) amounted to 
0.5 billion m3 in 2080, with an annual average of 8 million m3 of sand. 
Under RCP4.5, a total volume of 0.9 billion m3 of sand was required to 
offset all erosion between 2015 and 2080. The annual fill volume 
increased to 13 million m3/year in 2080. The total volume of sand 
required to offset erosion between 2015 and 2080 under RCP8.5 was 1.1 

billion m3, the annual renourishment volume required to offset erosion 
increased to 19 million m3/year. 

Assuming a cost of €7/m3 sand in 2015, the total cost of beach 
renourishment under SSP2–RCP4.5 amounted to €13 billion, with the 
annual renourishment cost amounting to €270 million in 2080. The total 
renourishment cost under SSP5–RCP8.5 between 2015 and 2080 was 
€19 billion. Annual renourishment costs increased to €523 million in 
2080. Annual beach renourishment volumes required to offset all 
erosion between 2015 and 2080 increased by a factor of 1.8 under 
RCP4.5 and a factor of 2.2 under RCP8.5. Accounting for SLR thus 
approximately doubled the volumes of sand required to maintain the 
current level of coastal flood protection of sandy beaches. 

4.5. Sensitivity analysis 

The sensitivity of projections of SLR-induced migration to different 
specifications of beach amenity value and FPS after beach erosion is 
shown in Table 5. SLR induced migration, total population residing in 
the coastal flood plain, and residential flood risk under both 
SSP2–RCP4.5 and SSP5–RCP8.5 are presented in Supplementary Tables 
S4–6, projections of flood risk and cumulative SLR-induced migration 
over time in Supplementary Fig. S3 and S4. In this section, we present 
the model sensitivity under SSP5-RCP8.5 to changes in coastal amenity 
value and beach flood protection. 

Beach amenity value: Decreasing beach amenity value by 50 % 
resulted in less SLR-induced migration compared to standard model runs 
under the HouseholdAdaptation strategy, while the projected SLR- 
induced migration under the NoAdaptation and FullAdaptation strate-
gies was comparable to the standard model runs. A lower amenity value 
resulted in a lower population in the floodplain and thus less flood risk 
under all RCP scenarios (see Supplementary Tables S6–7). Households in 

Fig. 5. The national household implementation rate of dry floodproofing measures. Panel a shows the percentage of households that had implemented dry 
floodproofing measures under SSP2 combined with a baseline scenario of no SLR, and with RCP4.5. Panel b shows the uptake of dry floodproofing measures under 
SSP5 combined with a baseline of no SLR and RCP8.5. The strategy of NoAdaptation is omitted from this figure, as households did not implement floodproofing 
measures under that strategy. Shading indicates the upper and lower bound of 50 repetitive runs, and lines indicate the mean of these runs. 
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Fig. 6. Plotted adaptation uptake and SLR-induced migration under SSP5–RCP8.5 in 2080 considering a scenario of HouseholdAdaptation. Coastline segments 
indicate the relative amount of SLR-induced migrants per department and pie charts indicate the fraction of households that had implemented dry floodproofing 
measures. Pie charts are scaled relative to the total population residing in the coastal floodplain in 2080. Three regions, amounting to 50 % of all SLR-induced 
migration, are highlighted with labels. 

Table 3 
Total SLR-induced net outmigration by 2080 per coastal department under different coastal adaptation strategies and climate change scenarios. The table shows the 
mean result of 50 repetitive runs.  

Department Adaptation scenario 

NoAdaptation HouseholdAdaptation FullAdaptation 

RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 

Nord  4817  7557  4110  7631  3947  7082 
Seine-Maritime  1106  1823  1313  1677  960  1180 
Ille-et-Vilaine  967  1760  1040  1755  734  815 
Manche  778  1690  754  1541  367  569 
Charente-Maritime  859  1393  614  1043  207  392 
Calvados  596  1246  470  1117  222  437 
Vendée  491  1208  558  1197  618  504 
Pas-de-Calais  890  1202  739  995  586  676 
Gironde  616  1015  605  798  380  583 
Hérault  612  709  417  654  432  698 
Finistère  336  613  247  423  74  121 
Loire-Atlantique  206  372  171  299  115  102 
Somme  169  275  120  227  80  169 
Bouches-du-Rhône  136  200  94  119  68  100 
Morbihan  67  192  41  106  33  83 
Côtes-d’Armor  112  141  84  106  83  79 
Eure  53  101  44  79  71  96 
Gard  71  92  70  81  64  57 
Haute-Corse  36  50  31  50  23  35 
Var  90  29  − 10  91  − 33  16 
Pyrénées-Atlantiques  25  24  18  12  23  27 
Pyrénées-Orientales  11  11  0  3  − 1  1 
Aude  11  10  11  12  10  12 
Landes  2  4  2  8  2  7 
Corse-du-Sud  0  − 1  − 2  − 33  − 5  − 46  
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this setting were less likely to settle or stay in areas of high flood risk, as 
the beach amenity value no longer offsets perceived flood risk. Under 
the HouseholdAdaptation strategy, in these less hazardous areas, the 
benefits of adaptation more often outweighed the benefits of migration, 
increasing the effect of household adaptation on migration decisions. 
The trade-off between coastal amenities and flood risk is also illustrated 
by differences in expected annual damages (Supplementary Table S6). A 
lower beach amenity value resulted in less coastal flood risk, whereas a 
higher beach amenity value resulted in a higher coastal flood risk under 
all adaptation strategies. 

Flood protection sandy beaches: The model proved to be more sensitive 
to uncertainty in specifications of the loss of flood protection after a 
beach had completely eroded. Not accounting for a loss of flood pro-
tection resulted in less migration under NoAdaptation and House-
holdAdaptation, whereas no effect on migration occurred under 
FullAdaptation (Table 5). Under this setting, differences in coastal net 
outmigration under NoAdaptation and HouseholdAdaptation compared to 
FullAdaptation were driven only by differences in beach amenity values. 
This indicates that without a loss of flood protection, beach renourish-
ment would still result in less SLR-induced migration. Maintaining wider 
beaches under FullAdaptation increased the amenity value (attractive-
ness) of living near the coast, offsetting the perceived coastal flood risk 
in the utility-based migration decisions. 

Simulations with a greater loss of coastal flood protection resulted in 
more migration under NoAdaptation and HouseholdAdaptation and 
increased the effect of beach renourishment (FullAdaptation) on migra-
tion decisions when compared to standard model settings (Table 5). This 
result indicates that beach renourishment could reduce SLR-induced 
migration by maintaining the natural flood protection offered by 
sandy beaches. 

5. Discussion 

Research interest in modeling the adaptation and migration behavior 
of coastal communities affected by the impacts of SLR is growing (Bell 

et al., 2021; Hauer, 2017; Hinkel et al., 2013; Lincke and Hinkel, 2021). 
In this study, we contribute to this topic by integrating spatially explicit 
projections of SLR and shoreline change in an ABM (DYNAMO-M) 
simulating household behavior under coupled socioeconomic and 
climate change scenarios (de Ruig et al., 2022; Haer et al., 2019; Lui-
jendijk et al., 2018; Tierolf et al., 2023; Vousdoukas et al., 2020). By 
explicitly simulating interactions between governmental protection 
schemes (beach renourishment) and household decisions (floodproofing 
and migration) we hereby provide a “bottom up” representation of 
coastal adaptation and migration dynamics (Horton et al., 2021). 

We find that SLR induced-migration is affected by coastal adapta-
tion; the combination of household adaptation to flood risk and beach 
renourishment reduces the projected SLR-induced migration by up to 36 
%. Through a comparison of migration rates under a scenario with and 
without household adaptation to flooding, we show that households 
preferred staying and implementing adaptation measures instead of 
opting to migrate. This result aligns with Duijndam et al.’s (2023) 
findings of that governmental support for local household adaptation to 
flood risk could reduce SLR-induced migration. We find that govern-
ment protection schemes through beach renourishment could further 
reduce SLR-induced migration; maintaining beach width affects house-
hold decisions through reduced coastal flood risk and increased amenity 
values. The effectiveness of beach renourishment in mitigating flood 
damage and coastal retreat has also been discussed by Houston. (2022), 
who argues that beach renourishment is an attractive strategy for pro-
tecting developed shorelines. For example, an analysis of Hurricane 
Sandy showed that renourishment projects saved an estimated $1.3 
billion in avoided infrastructural damages, whereas the cost of the 
renourishment project could easily be offset by tax returns through 
increased tourism revenue (Army Corps of Engineers, 2016; Houston., 
2022). 

Without accounting for household adaptation and beach renourish-
ment, we find that SLR and coastal erosion could result in a net out-
migration of between 13,100–21,700 residents living in the coastal 
floodplain by 2080. Over 50 % of this migration is expected to occur in 
three out of the 25 coastal departments. These estimates are low 
compared to the findings of Lincke and Hinkel (2021), who found that in 
France, SLR could drive the migration of 54,006–386,274 people by 
2100 under the same SSP–RCP combinations. Part of this difference can 
be explained by how migration decision is modeled. Lincke and Hinkel 
(2021) assumed that households that reside in the 1/1-year floodplain 
would migrate autonomously if a cost–benefit analysis deemed coastal 
protection measures not to be the optimal strategy for the coastal 
segment they reside in. This assumption resulted in the immediate 
migration of the population currently residing in the 1/1-year floodplain 
protected by dikes that were not included in their model. We assumed 
that all areas will be protected by a FPS of 1/10 years until 2080, except 
in areas where beaches are lost. This comparison again highlights the 
effect of assumptions on flood protection infrastructure on projections of 
SLR-induced migration. 

We assumed that the government in France would continuously in-
crease dike heights to maintain the initial coastal FPS of 1/10 years for 
all coastal regions. However, the upgrading of existing flood infra-
structure in sparsely populated areas might not be justified, whereas 
investments in flood protection could prove beneficial in more densely 
populated urban areas (Hinkel et al., 2018; Nicholls et al., 2019). 
Assuming that an FPS of 1/10 years is maintained in the whole of France 
could result in underestimations of SLR-induced migration in areas of 
low population density and severe overestimations of migration in 
densely populated urban areas, as projections of SLR-induced migration 
largely depend on the FPS assumed in the model (Tierolf et al., 2023). An 
interesting further development of the model could include the imple-
mentation of a regional cost–benefit analysis of investments in flood 
protection infrastructure. Regions in which FPS are no longer main-
tained could see an increase in SLR-induced migration or the imple-
mentation rate of dry floodproofing measures. 

Table 4 
Simulated beach renourishment volumes and costs under the FullAdaptation 
setting, results for SSP5–Baseline are presented within brackets.  

Scenario Total fill 
volume (109 

m3) 

Annual volume 
2080 (106 m3/ 
year) 

Total cost 
2080 (109 

EUR) 

Annual cost 
2080 (106 

EUR/ year) 

SSP2(5)- 
Baseline  

0.5  8 8 (9) 173 (226) 

SSP2- 
RCP4.5  

0.9  13 13 270 

SSP5- 
RCP8.5  

1.1  19 19 523  

Table 5 
SLR-induced migration until 2080 considering different specifications of beach 
amenity value and coastal flood protection after beach erosion under 
SSP5–RCP8.5. Net outmigration is shown in absolute numbers and as a per-
centage of the population residing the coastal in floodplain in 2080 under a 
baseline scenario of no SLR.   

NoAdaptation HouseholdAdaptation FullAdaptation 

Standard 21,700 (3.7 
%) 

20,000 (3.3 %) 13,800 (2.3 %) 

Low beach amenity 
(50 %) 

22,000 (3.8 
%) 

17,100 (2.9 %) 14,700 (2.5 %) 

High beach amenity 
(150 %) 

22,800 (3.9 
%) 

20,300 (3.4 %) 12,500 (2.1 %) 

No loss of flood 
protection 

19,300 (3.3 
%) 

16,800 (2.8 %) 14,300 (2.4 %) 

Greater loss of flood 
protection 

27,400 (4.7 
%) 

23,000 (3.9 %) 14,300 (2.4 %)  
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We found that projections of SLR-induced migration were highly 
sensitive to change in the assumed flood protection offered by sandy 
beaches. We assumed protection to only be lost once the shoreline had 
retreated by >100 m since 2015 and that the loss of flood protection 
would only affect households residing within 1 km of the beach. We also 
did not account for increased inundation depth or flood extent due to 
dune erosion and changes in beach profile, possibly underestimating the 
effect of coastal erosion on flood severity. Since Toimil et al. (2023) 
found that the effect of uncertainty in erosion processes on inundation 
depth and extent to be greater than that of uncertainty in the rate of SLR, 
a more detailed modeling of the interactions between beach erosion and 
coastal flood hazards may benefit projections of SLR-induced migration, 
as the loss of sandy beaches may affect communities located further from 
the shoreline than accounted for in this model. 

The annual volume of beach renourishment when only including 
ambient shoreline change was much higher than the historical annual 
fill volume found in the literature (8 million m3/year compared to 0.7 
million m3/year found by Hanson et al., 2002). The difference in annual 
fill volumes may in part result from the low number of beach renour-
ishment projects recorded before 2002, as more recent overviews of 
beach renourishment practice in Europe are, to the best of our knowl-
edge, currently nonexistent. However, it could also be attributed to 
beaches migrating inland while maintaining beach width, a process that 
is not considered in this study (Cooper et al., 2020; Luijendijk et al., 
2018). Since historical ambient shoreline change is projected into the 
future, a potential overestimation of beach loss has implications for 
renourishment volumes. When accounting for SLR, the annual fill rate 
increased to up to 19 million m3/year, with annual renourishment costs 
of €523 million/year in 2080. Estimates of the beach renourishment 
costs associated with SLR would benefit from a more detailed modeling 
of coastal shoreline change dynamics. 

6. Conclusions and recommendations 

In this study, we simulated coastal adaptation dynamics in France in 
the face of SLR using DYNAMO-M. We further develop this ABM to 
include coastal erosion and beach renourishment and simulate house-
hold decisions under coupled SSPs and RCPs. By explicitly modeling 
household behavior combined with governmental protection strategies 
under increasing coastal risks, the new model framework presented in 
this study allows for a comparison of climate change impacts on coastal 
communities under different adaptation strategies. Results indicate that 
without any local adaptation, SLR could drive the cumulative net 
migration of 13,100 and 21,700 people between 2015 and 2080 under 
SSP2–RCP4.5 and SSP5–RCP8.5, respectively, which amounted to 3.0 % 
and 3.7 % of the coastal population residing in the 1/100-year flood 
zone in 2080 under a scenario of no SLR. Coastal adaptation to SLR 
through renourishment combined with floodproofing lowered this pro-
jected SLR-induced migration by up to 37 %. Expected annual flood 
damages were projected to increase from €162 million in 2015, to up to 
€1542 million and €2583 million in 2080 under SSP2–RCP4.5 and 
SSP5–RCP8.5, respectively. Coastal adaptation by floodproofing homes 
and beach renourishment decreased these estimates of future flood risk 
to €1293 million and €2109 million, respectively. 

Although the number of beach renourishment projects in France is 
increasing (Pranzini et al., 2015), our results indicate that much po-
tential still exists for beach renourishment to reduce both coastal flood 
risk and SLR-induced migration. However, beach renourishment could 
have detrimental impacts on coastal ecosystems (Speybroeck et al., 
2006). Increased turbidity caused by dredging activities could smother 
nearshore ecosystems, and changes in sediment composition in the 
deposition sites could affect species abundance (Saengsupavanich et al., 
2023). The impacts of sediment extraction and renourishment activities 
are not yet fully understood, and monitoring strategies are often un-
derdeveloped (Peterson and Bishop, 2005). Combined with the reliance 
of renourishment on periodic replenishment from a limited number of 

borrow sites, this may deem beach renourishment an unsustainable 
adaptation strategy in some areas. The implementation of beach 
renourishment projects should be evaluated on a site-by-site basis, 
considering both benefits in terms of flood protection and coastal 
attractiveness as well as potential negative effects on local coastal 
ecosystems. 

The modeled implementation rate of dry floodproofing measures by 
households increased with SLR; however, it did not exceed 20 % under 
either RCP4.5 or RCP8.5. This result indicates economical and societal 
limits to household adaptation in France (Adger et al., 2009). Factors 
constraining adaptation uptake are risk perceptions and budget con-
straints (Hudson, 2020; Poussin et al., 2014). Financial support com-
bined with risk education may increase the household implementation 
rate of floodproofing measures, which could further reduce coastal flood 
risk, allowing households to remain in the floodplain for longer under 
SLR. 

Another limitation is the lack of disaggregated data on flood pro-
tection infrastructure in France. In this study, we assumed a constant 
FPS of 1/10-years throughout the whole of France, whereas in reality, 
densely populated urban areas may be protected from flooding of return 
periods of up to 1/100-years (Tourment et al., 2018). Modeling efforts 
would benefit from spatially disaggregated information on flood pro-
tection infrastructure. The FLOPROS dataset constructed by Scussolini 
et al. (2016) aims to provide an overview of FPS on a subnational scale; 
however, the construction of such databases is hampered by the lack of 
centralized national databases on flood protection infrastructure. In the 
absence of this data, a cost–benefit analysis of investments in flood 
protection infrastructure considering future population development 
could provide insights into which areas will be protected in the future 
(Lincke and Hinkel, 2018; Tiggeloven et al., 2020). 

We acknowledge that migration decisions in the face of SLR are 
multifaceted. We therefore modeled household migration not only based 
on perceived flood risk but also considering wealth, income differen-
tials, coastal amenity values, and government protection schemes (Black 
et al., 2011; Hauer et al., 2020). A more realistic representation of 
household behavior could be achieved by, for example, distinguishing 
between age groups. Schaffar et al. (2019) found that in France, retirees 
leave large urban areas, such as the Paris agglomeration, to move to 
more rural coastal zones with preferable climates. Including these dy-
namics in ABMs of population responses to SLR could potentially affect 
migration rates, as the demographic composition could affect future 
climate mobility in the coastal flood zone (Hugo, 2011). Further 
development could also include social networks inside and outside of the 
household’s place of residence. The presence and strength of these 
networks were shown to affect migration intentions in response to SLR 
(Duijndam et al., 2023). Altering the psychological costs of migration 
based on the presence, strength, and change of social networks in origin 
and destination regions could be an interesting further development of 
DYNAMO-M. Other improvements can be made by calibrating risk 
perceptions and migration preferences based on more localized survey 
data, thereby better incorporating empirical findings into the modeling 
research (Duijndam et al., 2022). 

In addition to prompting migration through increasing coastal flood 
hazards and shoreline change, SLR also influences coastal migration by 
exacerbating saltwater intrusion (Hauer et al., 2020). In future research, 
the modeling approach described in this study could be further devel-
oped to provide projections of SLR-induced migration considering the 
combined effect of increasing storm surge frequency and severity, 
coastal erosion, and saltwater intrusion on household decisions. 
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Toimil, A., Álvarez-Cuesta, M., Losada, I.J., 2023. Neglecting the effect of long- and 
short-term erosion can lead to spurious coastal flood risk projections and 

maladaptation. Coast. Eng. 179, 104248 https://doi.org/10.1016/j. 
coastaleng.2022.104248. 

Tourment, R., Beullac, B., Peeters, P., Pohl, R., Bottema, M., Van, M., Rushworth, A., 
2018. European and US levees and flood Defences characteristics. Risks and 
Governance. 173. 

van Vuuren, D.P., Edmonds, J., Kainuma, M., Riahi, K., Thomson, A., Hibbard, K., 
Hurtt, G.C., Kram, T., Krey, V., Lamarque, J.F., Masui, T., Meinshausen, M., 
Nakicenovic, N., Smith, S.J., Rose, S.K., 2011. The representative concentration 
pathways: an overview. Clim. Chang. 109 (1), 5–31. https://doi.org/10.1007/ 
S10584-011-0148-Z/TABLES/4. 

van Vuuren, D.P., Kriegler, E., O’Neill, B.C., Ebi, K.L., Riahi, K., Carter, T.R., Edmonds, J., 
Hallegatte, S., Kram, T., Mathur, R., Winkler, H., 2014. A new scenario framework 
for climate change research: scenario matrix architecture. Clim. Chang. 122 (3), 
373–386. https://doi.org/10.1007/s10584-013-0906-1. 

Vitousek, S., Barnard, P.L., Fletcher, C.H., Frazer, N., Erikson, L., Storlazzi, C.D., 2017. 
Doubling of coastal flooding frequency within decades due to sea-level rise. Sci. Rep. 
https://doi.org/10.1038/s41598-017-01362-7. 

Vousdoukas, M.I., Mentaschi, L., Voukouvalas, E., Verlaan, M., Jevrejeva, S., Jackson, L. 
P., Feyen, L., 2018. Global probabilistic projections of extreme sea levels show 
intensification of coastal flood hazard. Nature. Communications 9 (1). https://doi. 
org/10.1038/s41467-018-04692-w. Article 1.  

Vousdoukas, M.I., Ranasinghe, R., Mentaschi, L., Plomaritis, T.A., Athanasiou, P., 
Luijendijk, A., Feyen, L., 2020. Sandy coastlines under threat of erosion. In Nature 
Climate Change. https://doi.org/10.1038/s41558-020-0697-0. 

Ward, P.J., Winsemius, H.C., Kuzma, S., Bierkens, M.F.P.P., Bouwman, A., Moel, H.D., 
Loaiza, A.D., Eilander, D., Englhardt, J., Gilles, E., Gebremedhin, E.T., Iceland, C., 
Kooi, H., Ligtvoet, W., Muis, S., Scussolini, P., Sutanudjaja, E.H., Beek, R.V., 
Bemmel, B.V., Luo, T., 2020. Aqueduct floods methodology. In World Resources 
Institute (January; pp. 1–28). https://www.wri.org/research/aqueduct-floods-metho 
dology. www.wri.org/publication/aqueduct-floods-methodology. 

Zhang, K., Douglas, B.C., Leatherman, S.P., 2004. Global warming and coastal erosion. 
Clim. Chang. 64 (1), 41. https://doi.org/10.1023/B:CLIM.0000024690.32682.48. 

L. Tierolf et al.                                                                                                                                                                                                                                  

https://doi.org/10.5194/nhess-16-1049-2016
https://doi.org/10.5194/nhess-16-1049-2016
https://doi.org/10.2307/1884852
https://doi.org/10.2307/1884852
http://refhub.elsevier.com/S0048-9697(24)00374-7/rf0470
http://refhub.elsevier.com/S0048-9697(24)00374-7/rf0470
https://doi.org/10.1002/aqc.733
https://doi.org/10.1007/s11852-017-0514-8
https://doi.org/10.1007/s11852-017-0514-8
https://doi.org/10.1023/B:CLIM.0000024785.91858.1d
https://doi.org/10.1038/nature12859
https://doi.org/10.1038/s41598-023-31351-y
https://doi.org/10.1038/s41598-023-31351-y
https://doi.org/10.5194/nhess-20-1025-2020
https://doi.org/10.1016/j.coastaleng.2022.104248
https://doi.org/10.1016/j.coastaleng.2022.104248
http://refhub.elsevier.com/S0048-9697(24)00374-7/rf0510
http://refhub.elsevier.com/S0048-9697(24)00374-7/rf0510
http://refhub.elsevier.com/S0048-9697(24)00374-7/rf0510
https://doi.org/10.1007/S10584-011-0148-Z/TABLES/4
https://doi.org/10.1007/S10584-011-0148-Z/TABLES/4
https://doi.org/10.1007/s10584-013-0906-1
https://doi.org/10.1038/s41598-017-01362-7
https://doi.org/10.1038/s41467-018-04692-w
https://doi.org/10.1038/s41467-018-04692-w
https://doi.org/10.1038/s41558-020-0697-0
https://www.wri.org/research/aqueduct-floods-methodology
https://www.wri.org/research/aqueduct-floods-methodology
http://www.wri.org/publication/aqueduct-floods-methodology
https://doi.org/10.1023/B:CLIM.0000024690.32682.48

	Coastal adaptation and migration dynamics under future shoreline changes
	1 Introduction
	2 Case study area
	3 Methodology
	3.1 Model framework
	3.2 Model inputs
	3.3 Model initialization
	3.4 Household decisions
	3.5 Government decisions
	3.6 Gravity model
	3.7 Adaptation settings and model runs
	3.8 Model calibration
	3.9 Sensitivity analysis

	4 Results
	4.1 Modeled SLR induced-migration and development of residential flood risk
	4.2 Implementation of dry floodproofing measures
	4.3 Regional adaptation and migration dynamics
	4.4 Renourishment costs
	4.5 Sensitivity analysis

	5 Discussion
	6 Conclusions and recommendations
	Code availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


