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Setback zones can effectively 
reduce exposure to sea‑level rise 
in Europe
Claudia Wolff *, Hedda Bonatz  & Athanasios T. Vafeidis 

Coastal space is one of the most valuable assets of the EU coastal member states, as the coast is 
highly urbanized. Hard engineering has traditionally been employed to protect communities in 
coastal lowlands, but as this alternative becomes less sustainable and more costly, coastal managers 
are increasingly turning to landuse planning strategies, such as setback zones or managed retreat. 
To explore the efficiency of these planning tools in reducing future urban exposure to sea-level rise 
and associated hazards, we developed spatially explicit projections of urban extent that account for 
different socio-economic futures and various types of setback zones. We find that the establishment 
of coastal setback zones can reduce the exposure of new urban development by at least 50% in the 
majority of EU countries by 2100. Our results emphasize that future urban exposure to sea-level rise 
will be significantly influenced by the ways in which we plan, design, and develop urban space in the 
EU coastal lowlands.

A large determinant of future coastal risk is related to the choice of where to build and where to live, and not only 
to changes in extreme events or sea-level rise due to a warming climate1. The research community agrees that the 
characteristics of coastal floods are changing as a result of ocean thermal expansion and the melting of land-ice 
masses, which is leading to rising sea levels worldwide2. Additionally, low atmospheric pressure and storms that 
may become stronger could further influence coastal flooding and make it more severe.

At the same time, the population and economic activities of the EU are expected to change as well. Currently, 
more than 200 million EU citizens are living within a distance of 50 km from the coast3, while migration 
towards the coast and from rural to urban areas seems to be continuing4, and urban development is evolving 
accordingly. Population densification, in the form of urban development or urbanization, affects coastal exposure 
and potentially vulnerability5,6. Further, the observed increase in land uptake due to increases in population and 
especially wealth per person in recent decades7 has stimulated the demand for housing8. According to Gao and 
O’Neill8, the number of people per area of built-up land has continually decreased during the past several decades, 
and this trend is anticipated to continue in the upcoming decades, resulting in an increase in built-up land all 
over the world. Changes in the spatial patterns, rate and type of urban development will therefore determine 
future coastal flood risk to population and infrastructure, as a flood is only associated with risk to humans if 
there is property (e.g. built environment or critical infrastructure) and people in its way.

Different adaptation options, namely protection, accommodation, retreat, or advancement9, exist to reduce 
coastal risk and help to protect urban settlements from coastal flooding. Most of these options are designed to 
protect people and infrastructure that are already in place in flood-prone areas. Traditionally, hard structures, 
such as dikes and seawalls, have been the main coastal adaptation strategy for urban areas, which allow for urban 
fabric and communities to grow along the coast. This form of protection offers advantages for the economy and 
creates societal benefits. However, the disadvantages are that it attracts increased investments and locks coastal 
communities into a position of continuously maintaining and upgrading coastal defences10, while simultaneously 
increasing residual risk11 as protection may fail.

Landuse planning can therefore be an effective way to protect and maintain coastlines by influencing where 
people will live in the future. Restricting new development in potentially exposed coastal regions could help 
to lower future flood risk upfront. Some Mediterranean EU countries have implemented such legislation, called 
coastal setback zones12, which is prescribed in the Integrated Coastal Zone Management (ICZM) protocol of 
the Barcelona Convention13. The ICZM Protocol prescribes the implementation of a 100 m setback zone, where 
further development is restricted14. Another example of the implementation of coastal landuse regulation in 
the EU can be found in Romania. According to Romanian law, permanent structures are not permitted in the 
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"protected area" along the coast, which may be 50–150 m wide12. To our knowledge, setback zones have so far 
only been implemented based on a specific distance from the coast, there are no examples of setback zones based 
on other parameters, such as elevation.

Not much research has been done to quantify the potential of setback zones in reducing future coastal 
exposure in Europe15, even though several studies highlight that one of the most effective measures is to restrict 
urban development inside the coastal floodplain16–18. Our work seeks to deepen the understanding of the 
potential of different coastal setback zones in the EU by: (1) assessing the avoided urban exposure due to the 
implementation of setback zones under various socioeconomic scenarios (using the global Shared Socioeconomic 
Pathways, SSPs19); (2) provide country-specific information on which types of setback zones are the most 
beneficial in reducing urban exposure; and (3) estimate the total urban extent (corresponding to the artificial 
surface class code 1 from CORINE that includes residential, industrial, commercial, transport, and green urban 
areas; see methods section for more details) within different setback zones that are potentially exposed, to provide 
an estimate of the current coastal retreat prospect within Europe.

To address the above questions, we have developed spatially-explicit urban extent projections for all coastal 
EU Member States (plus Bosnia and Herzegovina (BIH), Great-Britain (GBR), and Norway (NOR)), employing 
the urban model developed by Wolff et al. 202018. We extend the model by integrating different coastal setback 
zones into the projections. The implementation of different setback zones allows us to assess their potential 
effectiveness in reducing urban exposure and provides insights into possible solutions applicable for spatial 
planning in different local settings.

Results
The EU coastal lowlands are currently highly urbanized.  We analyse the area below 20  m and 
hydrologically connected to the ocean (called Extended Low-Elevation Coastal Zone = E-LECZ in the 
remainder) to assess changes in coastal urban exposure. We opted for the E-LECZ as it encompasses the wider 
coastal lowlands and accounts for practically any plausible scenario of potential future changes in mean sea level, 
associated extreme water levels, including high-end scenarios with a low probability of occurrence but very high 
impact potential; as well as to account for data-related uncertainties in calculating coastal flood exposure (e.g., 
stemming from uncertainties inherent in surface elevation datasets such as MERIT20,21). We find that 6.3% of 
the land of all EU coastal countries is within the E-LECZ, assuming no adaptation measures are in place. This 
coastal strip (E-LECZ) currently contains 15.14% of the total urban area in the coastal EU Member States (plus 
BIH, GBR, and NOR), which indicates a high density of urban fabric in the EU coastal lowlands (see Fig. 1). 
In Norway, for example, the proportion of the E-LECZ is 3.8%, which comprises 23.3% of the country’s total 
urban area. Similarly, in Spain and Greece, the E-LECZ accounts for 1.8% and 7% of the country’s total area, 
respectively, and hosts 12% and 21% of the country’s urban areas. The three countries with the highest E-LECZ 
area share are the Netherlands (84%), Denmark (41%) and Belgium (22%). The Netherlands and Denmark are 
also the top countries in terms of urban area share in the E-LECZ, with 83% and 49%, respectively. Latvia ranks 
third with 43% of the urban area in the E-LECZ. In summary, in the majority of EU countries, the proportion of 
urban areas in the E-LECZ is significantly higher than the proportion of E-LECZ areas in the respective country 
(see Fig. 1).

The future extent of urban areas (inland and coastal) in Europe can vary considerably by 2100, 
depending on future socioeconomic conditions.  According to our projections, the total amount 
of urban land in all coastal EU Member States (plus BIH, GBR, and NOR) by 2100 will be between 236,055 
and 408,243 km2 depending on the SSP. Comparing this value to 201,249 km2 in 2012, the urban area could 
grow between 17 and 102% by 2100. The total extent of urban areas is expected to increase the most in France 
(76,322 km2), followed by Germany (56,293 km2) and Great Britain (51,348 km2) under SSP5 (Fossil-fueled 
development) (see Fig. 2 and Table 1). SSP5 leads to the highest urban extent in most countries. Exceptions 
are Bosnia and Herzegovina, Latvia, Croatia, Romania, and Lithuania, where SSP3 (Regional rivalry) leads 
to the highest urban extent, and Malta, where SSP2 (Middle of the road) produces the highest numbers (see 
Table 1). The reason for SSP5 being the high growth scenario in most countries is mainly related to the rapid 
population and GDP growth under SSP5 in Europe22. Low fertility rates and population decline in the majority 
of the developed world are characteristics of SSP323, which will result in slow urban expansion in the wealthier 
European OECD (Organisation for Economic Co-operation and Development) countries (e.g. France, Greece, 
Italy, Slovenia), leading to the lowest growth in those countries. On the other hand, in the same scenario, low-
income countries such as Bosnia and Herzegovina, Latvia, Croatia, Romania, and Lithuania generate the highest 
urban extent as a result of their rapid population growth under SSP3.

A different picture emerges when utilizing relative measures (i.e., change rates) as opposed to absolute 
measures (i.e., amounts of changes) (please see Fig. 3). In relative terms: the extent of urban areas will at least 
double in all EU coastal countries by 2100 (compared to 2012). Sweden stands out, with an increase in the extent 
of urban areas of up to 348% under SSP5, followed by Norway (322%) and Slovenia (308%). These results suggest 
a high demand for land for urban development in those countries.

Our results also suggest that scenarios with different driving forces can result in similar extents of urban 
areas (see Figs. 2 and 3, and Table 1). For instance, SSP1 (Sustainability), SSP2 (Middle of the road), and SSP4 
(Inequality) produce similar urban areas in many countries in 2100 even though the underlying drivers are 
different. SSP1 is characterized by a high rate of urbanization; well-managed (compact) urban spatial patterns; 
low global population growth; medium fertility in richer OECD countries; and high-income growth but slower 
long-term economic growth. SSP2 follows historical spatial patterns and is characterized by central urbanization 
rates, moderate population and medium income growth. High rates of urbanization in high- and middle-income 
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countries, mixed urban spatial patterns, and slow rates of population and income growth in EU member states are 
all characteristics of SSP424–26. These findings demonstrate that the population-income-urban-growth relationship 
is very heterogeneous in the coastal EU Member States.

Land use planning will substantially influence future coastal urban exposure to sea‑level 
rise and associated hazards in Europe.  Coastal urban exposure without the implementation of setback 
zones.  Future urban exposure to sea-level rise in the E-LECZ could potentially rise by up to 182% under a 
high urban growth scenario within a country (see Fig. 4b—Sweden; more information about the high urban 
growth scenarios can be found in the methods section), without the implementation of a coastal setback zone. In 
absolute terms, Great Britain, the Netherlands, and France will have the highest coastal exposure of urban areas 
in 2100 (see Fig. 4a), illustrating that coastal urban exposure in Europe is highest in nations with a long coastline 
and large coastal floodplain (see Figs. 1, 4a, and b). The projected urban extent within the coastal floodplain 
varies significantly across the different scenarios (see Fig. 4b). The increase in urban exposure from 2012 to 2100 
in the Netherlands, Italy, Belgium, Great Britain, Finland, Norway, France, Greece, Ireland, Germany, Spain, and 
Sweden shows the strong influence of the urban growth scenario, demonstrating that future urban land demand 
will generally drive future coastal urban exposure in the EU.

Coastal urban exposure under different setback zones.  On a European level, our urban extent projections are 
the first to include coastal setback zones in a spatially explicit manner with a 100 m resolution. Figure 5 shows 
how urban extent varies spatially if a setback zone of below 10 m of eleveation is implemented, compared to a no 
setback zone scenario, in four different locations within Europe in 2100.

For two-third of the countries, the implementation of coastal setback zones that restrict further development 
below 10 m of elevation is most effective in reducing future urban exposure (see Figs. 6 and 7). The reduction in 
overall exposure of urban areas in 2100 could be up to 35% in Bosnia-Herzegovina, followed by Great Britain 
and France, which both have a reduction potential of around 28%. However, in Croatia, Cyprus, Norway, Greece, 
Malta, and Sweden, a 1 km wide setback zone leads to the largest reduction in urban exposure. All these countries 
have in common that large parts of the coast have a relatively steep coastal profile (often rocky, with pocket 

Figure 1.   Coastal EU member states’ (plus BIH, GBR, and NOR) (a) share of urban areas in the E-LECZ 
[based on CORINE2012] and (b) share of the E-LECZ area [based on MERIT]. Darker colors indicate higher 
percentages. Grey countries are not included in the study.
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beaches). Thus, the coastal floodplain is narrow and the area below 10 m is often smaller than the 1 km inland 
buffer, leading to a greater urban area not being exposed in the future.

Although, the overall reduction potential of setback zones may seem small at first, this changes when we look 
at the reduction potential of new urban development only. Figure 7 shows how high the potential of setback zones 
is in reducing the exposure of new urban areas in individual countries. In addition, we have highlighted in Fig. 7 
which measures would lead to a 20%, 50%, and 80% reduction in urban exposure of new development in 2100. 
In 15 of the 25 countries studied, a setback zone of either a distance of 100 m or 1 km; or 10 m elevation results 
in a reduction of exposure of at least 50% in 2100 under a high urban growth scenario. Overall, future urban 
exposure in the EU can be reduced by 47% in the E-LECZ if the most effective setback zone for each country is 
implemented (considering a high urban growth scenario).

Interestingly, the most effective coastal setback zone does not depend on the urban growth scenario in any 
country (see Supplementary Fig. 1). This indicates that the morphology of the coastal floodplain could be the 
main factor influencing how well setback zones work to reduce urban exposure. Therefore, the best setback zone 
per country remains constant throughout all urban growth scenarios, which highlights that the uncertainty in 
urban growth is not a defining factor when designing coastal setback zones within a specific country. However, 
the demand for urban fabric in the future or the development under a specific urban growth scenario has a 
significant influence on the overall urban exposure in flood-prone regions.

Retreat prospects.  Figure 8 shows the share of the urban areas in the different setback zones to each nation’s 
overall urban areas in 2012 (all numbers can be found in Supplementary Table  1) to illustrate and quantify 
possible retreat prospects for every EU coastal member state. Relocating all urban areas away from high-risk 
areas would necessitate the relocation of up to 64% of all urban areas within a country (see Fig. 8, Netherlands). 
Around 64% of all urban areas in the Netherlands are currently below 10 m. Interestingly, in Norway, a high 
proportion of urban areas are located near the coast (more than 40% within 1 km), but only a quarter of these 
are low-lying. In contrast, in Denmark, the proportion of urban areas within 1 km and below 10 m of elevation 
is similar, which may be related to the geomorphology, as Denmark is generally low-lying, unlike Norway, where 
the coastal profile is often steep. In terms of total numbers, Great Britain has the largest extent of urban areas 
(2171 km2), followed by Italy (1708 km2), in the first kilometer from the coast, even though this represents only 
10% of the total extent of urban areas of both countries. Moreover, Great Britain (2093 km2) and Italy (1790 km2) 
are second and third in terms of the total extent of urban areas in the LECZ (below 10 m elevation), illustrating 
that retreat would be challenging for both countries. Overall, as Fig. 8 shows, in 13 out of 25 countries, the 
highest amount of urban area is found in the 1 km wide coastal strip, while in the other countries (12), the 
highest amount of urban area is below 10 m elevation.

Discussion
Future urban extent projections.  Numerous studies of European cities have demonstrated that the 
urban extent increased even when population decreased27,28. Our constructed spatially explicit urban extent 
projections also show the same pattern, as urban extent grows over time under all scenarios, albeit more slowly 
in scenarios with declining populations. The urban extent projections show how urbanization and GDP growth 
in high-income nations are related. In contrast, urban development in lower-income nations is more influenced 
by population growth as we approach the end of the century. Other studies have also noted this trend (see, 
for instance, Seto et  al. 2011’s29 meta-analysis of worldwide urban land expansion). According to Gao and 
O’Neil30, population and built-up land change differently over time: typically, in observational data, population 
can increase or decrease, while built-up land either expands or remains the same. This relates to the fact that 
even after being repurposed, developed land is frequently not converted back to undeveloped. Furthermore, 

Figure 2.   Urban extent [km2] per EU coastal country under different SSPs in 2100.



5

Vol.:(0123456789)

Scientific Reports |         (2023) 13:5515  | https://doi.org/10.1038/s41598-023-32059-9

www.nature.com/scientificreports/

projections of population dynamics for the future show no indication that the world’s trend toward urbanization 
will slow down or reverse24,31.

Setback potential: the effect of setback zones on reducing future urban exposure.  This study 
represents a first-order EU-wide assessment of the efficacy of various coastal setback zones as an adaptation 
measure in reducing future urban exposure. Our primary finding is that by incorporating setback zones, the 
effects of sea level rise on future urban exposure can be potentially mitigated. Our results suggest that establishing 
setback zones appears especially beneficial for nations with a long coastline such as Italy, Norway, France, 
Sweden, or Great Britain, as it is inherently more expensive and challenging to adapt to and protect long coastal 
stripes32. However, the most effective type of setback zone in reducing future urban exposure, depends primarily 

Table 1.   SSP ranging from the lowest (left) to the highest (right) urban extent for all countries in 2100 [without 
setback zones]. In case some SSPs produced nearly the same urban extent, we colored the columns grey.

ISO
Lowest urban 
extent in 2100

Highest urban 
extent in 2100

MLT SSP4 SSP1 SSP3 SSP5 SSP2

LTU SSP4 SSP5 SSP1 SSP2 SSP3

ROU SSP4 SSP1 SSP5 SSP2 SSP3

HRV SSP4 SSP1 SSP2 SSP5 SSP3

LVA SSP4 SSP1 SSP2 SSP5 SSP3

BIH SSP4 SSP1, SSP2 SSP5 SSP3

CYP SSP4 SSP1, SSP2 SSP3 SSP5

BGR SSP4 SSP1, SSP2 SSP3 SSP5

ESP SSP3 SSP1, SSP2, SSP4 SSP5

EST SSP3 SSP1, SSP2, SSP4 SSP5

FIN SSP3 SSP1, SSP2, SSP4 SSP5

FRA SSP3 SSP1, SSP2, SSP4 SSP5

DEU SSP3 SSP4 SSP1, SSP2 SSP5

BEL SSP3 SSP4 SSP1, SSP2 SSP5

DNK SSP3 SSP4 SSP1, SSP2 SSP5

GRC SSP3 SSP4 SSP2 SSP1 SSP5

SVN SSP3 SSP4 SSP2 SSP1 SSP5

ITA SSP3 SSP4 SSP2 SSP1 SSP5

NDL SSP3 SSP4 SSP2 SSP1 SSP5

GBR SSP3 SSP4 SSP2 SSP1 SSP5

PRT SSP3 SSP4 SSP2 SSP1 SSP5

NOR SSP3 SSP4 SSP2 SSP1 SSP5

IRL SSP3 SSP4 SSP2 SSP1 SSP5

SWE SSP3 SSP4 SSP2 SSP1 SSP5

POL SSP3 SSP4 SSP2 SSP1 SSP5
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on the type of coast and the morphology of the coastal profile/floodplain, and thus is country or location specific. 
Additionally, results show that a coastal setback zone by a certain elevation, i.e., development is restricted to 
the area above a certain elevation, would be one of the most effective ways for most EU countries to reduce 
urban exposure in the E-LECZ. To our knowledge, this type of setback zone is currently not implemented in 
EU member states, but results highlight that the implementation can offer large benefits in the future. Therefore, 
we propose defining setback zones by elevation as an additional criterion for coastal planning in EU nations. 
The application of a fixed setback distance has the advantage of simplicity but presents challenges when applied 
to a wide range of geomorphology, values, and cultural contexts. Our findings imply that a greater level of 
intervention (setbacks with a higher distance or elevation threshold) would be required if coastal managers are 
interested in lowering exposure in the E-LECZ.

Setback zones are a low-regret strategy as the direct cost of implementing them is relatively low15,33.This 
however does not account for potential opportunity costs that may arise, particularly for activities and social 

Figure 3.   Increase in relative urban extent under the five different SSPs in all EU coastal countries between 
2012 and 2100.

Figure 4.   Urban exposure in the E-LECZ without the implementation of a coastal setback zone. (a) Shows the 
absolute values of urban areas in the E-LECZ in 2012 as well as the potential urban extent under a low and high 
urban growth scenario in 2100. (b) Illustrates the relative change in urban exposure in the E-LECZ under a low 
and high urban growth scenario between 2012 and 2100. Please note: Y-scale is changing between the panels.
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Figure 5.   Comparison of the spatial allocation of new urban fabric under a 10 m elevation setback (called 
LECZ setback) and No setback in 2100 [high urban growth scenario].

Figure 6.   How effective are setback zones in reducing future urban exposure in the E-LECZ. (a) Relative 
reduction in overall urban exposure in the E-LECZ under different setback zones in 2100. (b) Relative reduction 
in urban exposure of new urban development between 2012 and 2100 [high urban growth scenario]. Please 
note: Y-scale is changing between the panels.
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groups for which proximity to the coast is vital. Such examples may include, among others, land development, 
tourism infrastructure and activities or fisheries. These costs are not distributed uniformly, neither spatially34 
nor socially and distributional effects that may arise35 would need to be considered when planning setbacks. 
Nevertheless, opportunity costs are more often associated with unmanaged retreat rather than with planned 
interventions (e.g. setback zones), which can result in long-term benefits36. Further, setback zones could not 
only decrease coastal urban exposure but also increase the available space for nature-based adaptation37, thus 
broadening the options for future adaptation and helping to avoid lock-ins or path dependence, where continuous 
upgrading of protection measures is required as sea levels rise. It is evident that if we want to continue building 
directly on the coast and hold the current coastline/defense line, it will become very expensive in the future38. Our 
study shows that refraining from settling in high-risk areas can reduce future urban exposure to coastal hazards 
in the EU by 46% until 2100 (considering only new urban development under a high urban growth scenario 
and the most effective setback zone for every country). Although such solutions often face opposition from 
local communities and stakeholders due to the redistribution of benefits39,40, they are slowly being implemented 
or at least discussed at local scales41 as awareness of rising sea levels increases and a shift in policy priorities 
towards optimizing and re-evaluating the effectiveness of expensive engineered adaptation solutions occurs39. 
Therefore, countries possibly have different attitudes towards transformative land use planning. Countries with 
a long history in coastal protection and erosion may be more receptive to discussing landuse planning solutions 
(e.g. setback zones, retreat, managed realignment), at least where population densities are low (e.g. in parts 
of the UK or German Baltic Sea coast41,42). On the other hand, nations are likely to struggle in implementing 
setbacks, if development has historically taken place directly at the coast, reinforced by coastal tourism (e.g. in 
the Mediterranean); or where an over-reliance on protective technology exists; and there is a low tolerance for 
disasters (NW Europe) or limited space. Some studies have demonstrated that a more sustainable approach to 
managing coastal risks would be to focus on densifying safe areas rather than accelerating urban growth and land 
take-up in the coastal lowlands, because the way we plan, design, and develop urban settlements will determine 
future patterns of exposure, vulnerability, and resilience to sea-level rise43.

Barriers and limitations to implementing coastal setback zones.  Designing and implementing 
coastal setback zones and setback policies to reduce coastal erosion and coastal flooding is a difficult task that 
must take into account (1) coastal dynamics, such as sea-level rise and changing storms; (2) country-specific 
needs like the preservation of natural and cultural landscapes12 and (3) regional specific characteristics like the 
geomorphology of the coastal floodplain.

Public opposition is one of the biggest barriers to the implementation of setbacks. This is especially likely if 
the public thinks setbacks are too large or if, landowners lose the right to build on their own land, which puts 
them at a significant disadvantage33 and may lead to an unequitable distribution of benefits35. Further, pressure 
to develop the coastal zone is present in many coastal areas, particularly when tourism development is being 
promoted. As a result, coastal regulations frequently fail to prevent development within the setback zone. In 
addition, proposing a large coastal setback zone is only feasible for countries that have a large proportion of land 
outside the floodplain. A setback zone with an elevation threshold of 10 m or a distance of 1 km may therefore 
not be feasible on small island states like Malta or in nations where the proportion of the coastal floodplain is very 
high, such as in the Netherlands. However, if the setback zone is too small, its size will need to be periodically 
evaluated and adjusted due to the fact that sea-level rise will reduce the size of the setback zones in the future. 

Figure 7.   Reduction in exposure of new urban fabric in the E-LECZ under different setback zones until 2100 
[high urban growth scenario].
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Furthermore, a challenge in implementing a setback zone is the definition of the baseline4used to determine the 
landward or seaward boundary depending on; legal definitions; local conditions of the coastline, water levels 
and tides; or data availability constraints.

Retreat prospects for European countries.  Retreat is currently discussed as a risk reduction option 
by international organizations such as the United Nations (e.g. in the Sendai Framework for Disaster Risk 
Reduction), which might have a significant impact on facilitating large-scale planning44. Managed retreat has its 
own set of political, social and legal difficulties making it neither a low-regret decision nor one that can be easily 
undone. However, it may have a better benefit–cost ratio than protection via dikes42, especially in areas with 
low population densities15,42. The few retreat projects that exist within Europe have mainly been implemented 
to restore salt marshes and support coastal defence systems in more rural areas. Examples can be found in 
Germany (Langeoog Island45, Geltinger Birk41) or the UK (e.g. Freiston Shore46). However, in the Unites States, 
which has the longest history of retreat programs globally47, retreat has been documented primarily in urban 
areas48,49. The U.S. government has mostly deployed the voluntary buyout methods of flood-prone properties to 
facilitate retreat50. This raises the question of how retreat projects in urban settings could potentially unfold in 
Europe if similar policy incentives are implemented. We believe that any integrated regional planning strategy 
focused on combating sea-level rise and climate-related hazards should include the practice of relocating or 
resettling people and activities from hazardous locations to safe ones51 because holding the line for the entire 
European coastline is not affordable. Therefore, a reorientation in coastal management in Europe will be required 
to invent, implement, and improve socially acceptable and equitable retreat options. A strategic, managed retreat 
in Europe will require a significant amount of innovation and labor—in both research and practice—to make it 
an effective and equitable adaptation option.

To obtain a first idea of the retreat prospect in the EU coastal member states, we calculated the percentage of 
the urban area that is currently (in 2012) located in different setback zones. This provides a first-order assessment 
of the upfront costs/resources that would be needed for a complete coastal retreat in every EU country. The 
rewards for achieving this task can be very high, as coastal climate-related hazards are increasing and people 
will continue to leave dangerous areas as climate hazards increase, whether prompted by disasters, market forces, 
or government intervention44. We believe that if the urban extent within a country for a specific setback zone is 
high it will be more unlikely that countries/communities implement such retreat policies.

However, if perceived risk levels are increasing, retreat or setback zones may become more acceptable in the 
future. Future research should therefore examine how attitudes toward setback zones and managed retreat change 
as the risk of climate-related hazards rises. This information could help determine whether setback zones and 
managed retreat are likely to present an opportunity in high-risk areas of EU coastal member states, or whether 
engineering interventions are required or constitute the preferred solution. Retreat requires a decadal lead time 
to be planned and implemented equitably. Furthermore, many decisions taken today have a long legacy effect 
and create path dependencies, closing off some options in the future52. Therefore, retreat is best employed as one 

Figure 8.   Retreat prospect of EU member states (plus NOR, BIH, GBR): the extent of urban areas that are 
currently located in different setback zones [using CORINE 2012 data].
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of several tactics in the pursuit of a coastal management strategy with objectives ranging from environmental 
preservation to economic development.

Limitations of the study.  The scope of the study is to provide a first-order assessment and indication 
of the avoided potential urban exposure for various types of setback zones, and thus simplifications in the 
representation of the underlying processes are inherent. The limitations of our study include that (1) we only 
account for horizontal and not vertical urban growth, which could lead to more sustainable urban development 
from a land-uptake perspective. The lack of European-wide urban height datasets is one barrier at the moment. 
Another restriction (2) is that Corine 2000 and Corine 2012 have some differences in their coastlines (e.g. in 
harbors). This has an impact on the study’s coastal setback zone designs, particularly for the 100 m, 200 m, and 
1 km distance setback zones. However, the overall trends and results of the study will be unaffected by this. The 
study’s urban exposure results vary depending on how (3) the coastal floodplain is defined (in this study, we 
used the E-LECZ). To better quantify the impact of different coastal definitions on the results for Europe, we 
analyzed the sensitivity using three different coastal floodplains with different elevation thresholds (see Fig. 9). 
It is evident that the smaller the coastal floodplain, the greater the relative reduction in urban exposure from 
elevation-specific setbacks, indicating that the results of the study tend to be conservative/at the lower bound 
(Fig. 9).

Methods and data
Urban change modelling approach.  In this study, we extend the urban change model, developed by 
Wolff et al.18, to account for restricted urban development zones, called setback zones (see Fig. 10). We develop 
country-specific urban change models for all coastal EU Member States (plus BIH, GBR, NOR) for which data 
and SSP assumptions were available.

Urban development potential/likelihood.  We use a Multi-Layer-Perceptron Artificial Neural Network 
(MLP ANN) to estimate the urban development potential for every coastal EU member state plus BIH, GBR, 
and NOR, at a 100 m resolution. For each country, the MLP ANN was trained and tested using input data from 
2000 to predict urban land cover in 2012 (see Table 2). We define urban areas as locations dominated by artificial 
surfaces, which corresponds to the artificial surface class (code 1) from CORINE that includes residential, 
industrial, commercial, transport, and green urban areas. We chose nine variables that were frequently described 
in the literature as driving urban development and for which European-level data was available. These variables 
are used as input layers in the MLP.

The output layer consists of a single variable that indicates the probability or likelihood that a pixel will 
become urban in the next time step. To determine the best MLP architecture for each country (i.e., the number 
of neurons in each layer, the connection patterns between layers, the activation function, and the learning 
methods), we performed a sensitivity analysis with five to six different network architectures. Table 3 shows a 
summary of the best model architecture per country and Table 4 the performance measures for every country.

Future demand for urban land.  Following the methods described in Wolff et al.18, we used the relative 
changes of the non-spatial urban extent growth model of Li et al.17 for every country between 2020 and 2100. 
The growth model of Li et al.17 was developed using a 22-year time series of urban extent from 1992 to 2013 
derived from satellite observations as well as historical indicators of population and GDP values. According to 
Li et al.17, the mean accuracy of the 1 km urban extent data for Europe is 95% compared to fine-resolution land 
cover data. The developed country-specific models were then used to project future urban growth under the 
Shared Socioeconomic Pathways (SSP) to the end of the twenty-first century, using future population and GDP 
data from the SSP database. We used these relative non-spatial urban growth values in order to calculate the total 
number of future urban grid cells for each country, every SSP and time step (see Fig. 10).

Setback zone scenarios.  In order to account for coastal setback zones in the EU, we developed different 
spatial setback zone scenarios and integrated them into the urban change model of Wolff et al.18. For this purpose, 
we developed two different forms of setback zones. The first form is width-dependent and allows no further 
development within a specific distance from the coast (100 m, 200 m, 1 km), similar to, for instance, Article 
8-2 of the Mediterranean ICZM Protocol, which prescribes the establishment of a 100-m zone53, where new 
construction is not allowed. Further, we looked into the literature12,14,54,55 and conducted a short questionnaire 
survey (which is available at https://​www.​umfra​gen.​uni-​kiel.​de/​index.​php/​935635?​lang=​de) to which five 
coastal experts from Italy, Germany, Croatia, France and Great-Britain responded, supporting the selection of 
setback zone width.

The second form is dependent on the elevation, as low-lying coastal floodplains are potentially the most 
exposed to climate-related hazards. Therefore, we developed coastal floodplains below different elevation 
thresholds, specifically 1 m, 2 m, and 10 m, that are hydrologically connected to the ocean based on the MERIT 
DEM56 and which cover the historical and projected extreme sea levels within Europe57.

Spatial reclassification.  The last step in the modelling chain is the reclassification of the urban development 
potential grid using the future urban land demand calculations. The highest likelihoods of urban development 
were converted into urban, based on the total number of future urban grid cells required in each time step. We 
used CORINE 2012 as a base year to create spatially explicit urban extent scenarios that incorporate different 

https://www.umfragen.uni-kiel.de/index.php/935635?lang=de
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setback zones, SSPs, and time steps until 2100. We produced various scenario combinations for the coastal 
European Member States plus NOR, GBR, and BIH where the global SSP assumptions and data were available.

Future coastal exposure calculation.  To analyze the extent of urban space potentially exposed to 
climate-related hazards such as coastal flooding or SLR, we calculated the extended low elevation coastal zone 
(E-LECZ), which represents the area below 20 m elevation that is hydrologically connected to the ocean. The 
E-LECZ was then overlaid with the various setback zone scenarios to see how the potentially exposed area 
changes when different setback zones are implemented.

High and low urban extent layers.  The SSP scenario that leads to the highest or lowest urban 
development across Europe varies. For instance, while SSP5 produces the highest urban extent in France, Italy 
or Poland, SSP3 results in the highest urban extent in Latvia, Bosnia and Herzegovina or Lithuania (for a table 
showing the highest and lowest SSP scenarios for all countries, we refer readers to Table 1 in the result section). 
To minimize the different scenario combinations for the analysis but still cover the full range of uncertainty, we 
decided to develop one high and one low urban extent scenario for each setback zone scenario. Thus, the high 

Figure 9.   Sensitivity analysis of different coastal definitions on the results for Europe using three different 
coastal floodplain definitions (hydrologically connected to the sea; below 20 m (ELECZ), 10 m (LECZ), and 5 m 
(SLECZ)).

Figure 10.   Urban change modelling chain. Step (a) visualizes the use of the MLP ANN to develop the urban 
development potential/likelihood surface; Step (b) shows the calculation of the future demand for urban 
land; Step (c) illustrates the incorporation of different setback zone scenarios, and in Step (d) the final spatial 
reclassification to generate the spatially-explicit projections is shown.
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Table 2.   Summary of data used for input and output variables of the MLP.

Variables Source Spatial resolution Pre-processing notes

Input

Distance to forest CORINE 2000 100 m Corine classes used: 311, 312, 313,
Euclidean distance to forest 2000

Distance to grassland CORINE 2000 100 m Corine classes used: 321, 322, 323, 324,
Euclidean distance to grassland 2000

Distance to urban CORINE 2000 100 m
Corine classes used: 111, 112, 121, 122,
123, 124, 131, 132, 133, 141, 142,
Euclidean distance to urban 2000

Distance to arable land CORINE 2000 100 m
Corine classes used: 211, 212, 213, 221,
222, 223, 231, 241, 242, 243, 244,
Euclidean distance to arable land 2000

Distance to roads OSM 100 m Main roads (fclass: primary, motorway, secondary),
Euclidean distance to roads

Distance to coast Based on CORINE coastline 100 m Euclidean distance to coastline

Population density GPW v4 2000 1 km Total population in 2000 per km2,
resampled to 100 m

Elevation MERIT DEM 90 m Elevation in m, resampled to 100 m

Slope Derived from MERIT DEM 90 m Percent increase in slope, resampled to 100 m

Setback zones Based on CORINE coastline/ MERIT DEM 100 m/ 90 m

Distance to coast increments,
Setback zones: 100 m, 200 m, 300 m, 500 m, 1 km;
Hydrological connected elevation increments,
Setback zones: 0.5 m, 1 m, 1.5 m, 2 m, 2.5 m, 3 m, 5 m, 10 m; resampled to 
100 m

Output Urban CORINE 2012 100 m
Reclassification of Corine data to Urban = 1, Rural = 0;
Corine classes used: 111, 112, 121, 122, 123, 124, 131,
132, 133, 141, 142

Table 3.   Best performing MLP model architecture per country.

Country
Hidden layer 1
[Nr of neurons]

Hidden layer 2
[Nr of neurons]

Hidden layer 3
[Nr of neurons]

Hidden layer 4
[Nr of neurons]

Activation function 
for the hidden layer

Under sampling 
factor

Activation function 
output layer

Optimization 
algorithm

BEL 400 400 400 200 Relu 2 Sigmoid Adam

BGR 400 400 400 200 Relu 8 Sigmoid Adam

BIH 400 400 400 200 Relu 12 Sigmoid Adam

CYP 600 600 600 300 Relu 5 Sigmoid Adam

DEU 1000 1000 800 400 Relu False Sigmoid Adam

DNK 400 400 400 200 Relu 10 Sigmoid Adam

ESP 400 400 400 200 Relu 5 Sigmoid Adam

EST 400 400 400 200 Relu 12 Sigmoid Adam

FIN 600 600 600 400 Relu 12 Sigmoid Adam

FRA 600 600 600 300 Relu 10 Sigmoid Adam

GBR 600 600 300 – Relu 10 Sigmoid Adam

GRC​ 800 800 300 – Relu 10 Sigmoid Adam

HRV 400 400 400 200 Relu 8 Sigmoid Adam

IRL 600 600 300 – Relu 10 Sigmoid Adam

ITA 600 600 300 – Relu 12 Sigmoid Adam

LTU 600 600 400 150 Relu 12 Sigmoid Adam

LVA 600 600 600 400 Relu 10 Sigmoid Adam

MLT 400 400 400 200 Relu False Sigmoid Adam

NLD 800 800 800 400 Relu 5 Sigmoid Adam

NOR 400 400 400 200 Relu 10 Sigmoid Adam

POL 400 400 400 200 Relu 10 Sigmoid Adam

PRT 600 600 600 400 Relu 5 Sigmoid Adam

ROU 400 400 200 – Relu 8 Sigmoid Adam

SVN 400 400 200 – Relu 8 Sigmoid Adam

SWE 400 400 200 Relu 8 Sigmoid Adam
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urban extent scenario reflects the SSP that produces the highest urban extent for every country and vice versa 
for the low urban extent scenario.

Data availability
All data that support the findings of this study are included within the article (and any supplementary files). 
The EU urban extent projections for 2100 under different setback zones and a high and low urban growth with 
a 100 m resolution are available at https://​figsh​are.​com/s/​04da7​8fc90​bd85f​cedfe and the projections without a 
setback zone are available here https://​figsh​are.​com/s/​797bc​63361​71abb​65bb0.

Code availability
The code for the urban model is available at: https://​figsh​are.​com/s/​36f9c​0a32a​c3ba5​945a7.
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