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Sea-level rise (SLR) through the twenty-first century and beyond is inevitable,
threatening coastal areas and their inhabitants unless there is appropriate
adaptation. We investigate coastal flooding to 2100 under the full range of
IPCC AR6 (2021) SLR scenarios, assuming plausible adaptation. The adaptation
selects the most economically robust adaptation option: protection or retreat.
People living in unprotected coastal areas that are frequently inundated (below
1-in-1-year flood level) are assumed to migrate, and the land is considered lost.
Globally, across the range of SLR and related socioeconomic scenarios, we
estimate between 4 million and 72 million people could migrate over the
twenty-first century, with a net land loss ranging from 2,800 to 490,000 km?.
India and Vietnam consistently show the highest absolute migration, while Small
Island Developing States are the most affected when considering relative
migration and land loss. Protection is the most robust adaptation option under
all scenarios for 2.8% of the global coastline, but this safeguards 78% of the global
population and 91% of assets in coastal areas. Climate stabilisation (SSP1-1.9 and
SSP1-2.6) does not avoid all coastal impacts and costs as sea levels still rise albeit
more slowly. The impacts and costs are also sensitive to the socioeconomic
scenario: SSP3-7.0 experiences higher migration than SSP5-8.5 despite lower
SLR, reflecting a larger population and lower GDP. Our findings can inform
national and intergovernmental agencies and organisations on the magnitude of
SLR impacts and costs and guide assessments of adaptation policies
and strategies.
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1 Introduction

Many people around the world are already migrating, for a
variety of reasons: personal, socioeconomic, political, and
environmental (Black et al., 2011). In coastal areas, one potential
driver of migration is rising mean and extreme sea levels, as coastal
land progressively becomes less suitable for living/working and is
ultimately lost (Chen and Mueller, 2018; Davis et al., 2018; Lincke
and Hinkel, 2021; Nienhuis and van de Wal, 2021). The Low
Elevation Coastal Zone (land area hydrologically connected with
the ocean below 10 m of elevation) already contains between 750
million and 1.1 billion people, putting more individuals in harm’s
way (Macmanus et al., 2021). Sea-level rise (SLR) was stressed by
the UN Secretary-General, Antonio Guterres, in February 2023,
warning that accelerating sea-level rise threatens “a mass exodus of
entire populations on a biblical scale” (UN, 2023). However, the
relationship between climate and migration is complex, as it
depends not only on the climatic drivers but also on economic,
political, demographic, and social factors (McLeman, 2014;
Cattaneo et al., 2019), and especially on adaptation. Large
populations are currently living at or even below sea level due to
extensive protection systems in various coastal locations, such as the
Netherlands and China (Han et al., 1995; VanKoningsveld et al.,
2008; Fang et al., 2020).

Coastal migration is often assumed to be a major response to
SLR, as low-lying areas become flooded more frequently and
ultimately uninhabitable. However, coastal protection can be a
cost-efficient adaptation option for reducing the impacts of SLR
over the twenty-first century, especially in high-risk areas with
major assets, such as coastal cities or densely populated deltas (e.g.,
the Netherlands) (Hallegatte et al., 2013; Lincke and Hinkel, 2018).
Protection allows coastal populations and economic activity to
remain in situ, as the economic and social benefits of doing so
outweigh those of any other form of adaptation (Tol, 2007; Nicholls
et al., 2018). However, this is not universal, as in most coastal
locations, protection costs exceed the benefits, and there are limits
to an accommodation response. Hence, protecting all coastal
populations can be more expensive than retreating in some
locations (Hinkel et al., 2014), so considering a mixture of
adaptation types—such as retreat leading to coastal migration in
some places and coastal protection in others—can considerably
reduce the total costs of SLR (Desmet et al., 2018; Lincke and
Hinkel, 2021). While retreat (leading to migration) is being
considered (Hino et al., 2017; Haasnoot et al.,, 2021), it is
important to recognise that people are generally reluctant to
abandon their land, livelihood assets, and social networks, and
they will seek alternative ways to adapt before considering
migration (Esteban et al., 2019; Hauer et al., 2020). Migration,
therefore, can be seen as an adaptation option of last resort.

Here, we conduct a global analysis of the impact of SLR on coastal
flooding over the twenty-first century, including the effects of plausible
protection. In each scenario, we estimate migration, land loss, flood
damages, and protection costs, allowing the total costs of SLR to be
considered. The approaches are informed by insights from local
studies, and there is a strong focus on migration. To do so, we have
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employed a model of local cost-benefit analysis (CBA) of two
adaptation options: coastal protection versus retreat. Retreat leads to
inland migration from the coastal floodplain, following the approach of
Lincke and Hinkel (2021). We consider a migration scenario as the
consequence of coastal retreat, in which land below the 1-in-1-year
flood return level is assumed to be lost and abandoned, forcing people
to move (Nicholls et al, 2011). We use the Dynamic Interactive
Vulnerability Assessment (DIVA) model (Vafeidis et al., 2008) and
build on the analysis of Lincke and Hinkel (2021) to assess the
implications of the SLR projections from the latest IPCC Sixth
Assessment Report (AR6) (Fox-Kemper et al, 2021). These
projections provide, for the first time, SLR scenarios with consistency
between the socioeconomic families, the shared socioeconomic
pathways (SSP), and their resulting emission futures. The SLR
projections include a very strong mitigation scenario (SSP1-1.9)
(Chen et al., 2023) to explore differential outcomes of approximately
1.5°C warming relative to pre-industrial levels, which is relevant to the
Paris Agreement goals (see Supplementary Table S1). A total of five
SSP scenarios are assessed, considering the median, 5th, and 95th
percentiles of the set of SLR projections that the AR6 report assessed
as medium confidence (SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0,
and SSP5-8.5), plus a high-end SLR scenario of the 17th and
83rd percentiles for the high-emission scenario. This scenario is
unlikely but cannot be discounted, and AR6 assessed it as low
confidence (SSP5-8.5%) (Fox-Kemper et al., 2021). The global mean
SLR projections to 2100 range from 0.21 m (SSP1-1.9 5th percentile) to
1.60 m (SSP5-8.5* 83rd percentile) relative to a baseline of 1995-2014.
Relative SLR scenarios, which include vertical land motion (VLM) as
interpreted in ARG, are considered in the analysis. Three social discount
rates are also considered (0%, 3%, and 6%).

We estimate the number of people migrating and the extent of
land loss over the twenty-first century due to SLR and report results
at global, country, and coastline segment levels. We assess the cost
of SLR, including its individual components—flood damage,
protection, and migration costs—and report at all levels. Finally,
following the CBA, we identify, for the range of SLR scenarios, the
proportion of coasts with economically robust decisions for
different coastal adaptation options (protect or retreat).

2 Methods
2.1 Sea-level rise impacts and adaptation

We evaluate two main coastal adaptation strategies to SLR:
coastal protection and retreat, following the method of Lincke and
Hinkel (2021). A CBA is used to determine which of these strategies
is economically optimal. Accordingly, adaptation costs and the
number of people displaced are estimated based on the
assumption that the most economically robust option is
implemented. To achieve this, we apply the DIVA model (Hinkel
et al.,, 2014) and the DIVA database, which divides the coastline into
12,148 coastal segments of similar and homogenous biophysical
and socioeconomic characteristics (Vafeidis et al., 2008). For each
segment, the CBA follows three steps: (1) Economic damages from
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flooding are assessed using the present value of flood risk damages
given SLR, accounting for expected existing flood defences. This
calculation integrates projected population, GDP, and flood risk
with depth-damage functions and discount rates to estimate
expected annual damages (EAD). (2) The economic justification
for coastal flood protection based on the Net Present Value (NPV)
of defence costs (both capital and maintenance costs) compared to
flood damage and migration costs. If the benefit-cost ratio exceeds
1, flood protection is implemented. (3) Abandonment and
migration occur when there is no economic justification for flood
protection, and any population within the 1-in-1-year return period
floodplain is assumed to migrate out of the coastal zone. This results
in damages due to the loss of assets by the migrating population.

The results from each coastline segment are aggregated at the
country level to identify the most affected countries globally while
retaining information at regional and national levels. The model
operates in 5-year timesteps from 2020 to 2100, accounting for SLR
scenarios and related socioeconomic scenarios.

2.2 Assessment of migration, land loss,
protection, and flood damage costs

Migration is computed as the number of people living in
unprotected coastal areas below a 1-in-1-year flood return period
—an indicative threshold at which habitation becomes implausible,
leading to inland migration. Migration costs are valued at three
times the local GDP per capita per migrant, representing the value
of assets on the lost land (2.8 times local GDP per capita per
resident) (Hallegatte et al,, 2013), plus 7% deconstruction costs
(Diaz, 2016). Land loss is estimated using the same flood frequency
(1-in-1-year return period), and where no protection exists, land
below this level is considered lost (not habitable). If relative sea-level
fall occurs, these areas gain land, and no migration takes place.
Protection cost is assessed based on the expenses of upgrading and
maintaining coastal protection infrastructure. We differentiate
between low and high national unit protection costs for rural and
urban environments, respectively, using a population density
threshold (rural: < 1,000 people/kmz; urban: > 1,000 people/kmz),
with an annual maintenance cost set at 1% of the capital cost,
following Nicholls et al. (2019). Flood damages are estimated using
the depth-damage approach of Hinkel et al. (2014), which accounts
for the exposure of people and assets. This analysis does not
consider the loss of ecosystems or land-use changes beyond
human settlements. The expected annual damage (EAD) for each
coastal segment is calculated as the expected value of damages
resulting from extreme water level distributions derived from Muis
etal. (2016). These distributions are combined with elevation-based
population and asset density from the Multi-Error-Removed
Improved-Terrain Digital Elevation Model (MERIT DEM)
(Yamazaki et al., 2017) and the Gridded Population of the World
(GPW4) dataset (Center for International Earth Science
Information Network—CIESIN—Columbia University, 2017).
Extreme water levels are assumed to rise uniformly with SLR.
Initial protection levels are sourced from a stylised protection
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model (Sadoff et al., 2015) and supplemented with estimates of
protection levels for 136 large coastal cities (Hallegatte et al., 2013).
Coastal areas with population densities below 30 people/km?* are
assumed to have no protection and no residents living below the 1-
in-1-year flood frequency elevation as of 2020. In more densely
populated areas, habitation below this elevation is possible where
coastal protection exists.

2.3 Sea-level rise scenarios, socioeconomic
data, and elevation data

Our SLR projections are based on data developed by the IPCC
ARG using the SSP scenarios SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-
7.0, and SSP5-8.5 through 2100 (Supplementary Figure S4; Fox-
Kemper et al., 2021; Garner et al., 2021; Kopp et al., 2023). The AR6
report provides a set of medium-confidence SLR projections for each
SSP scenario, from which we use the 5th, 50th, and 95th percentiles.
In addition, AR6 provides a low-confidence scenario (SSP5-8.5%),
for which we use the 17th and 83rd percentiles (Fox-Kemper et al.,
2021). This low-confidence scenario reflects the potential influence
of low-likelihood, high-impact ice sheet processes that are unlikely
to occur but cannot be ruled out. The percentile range incorporates
data from structured expert judgment and one model that includes
Marine Ice Cliff Instability. These projections estimate a global
mean SLR in 2100 of 0.21 m (SSP1-1.9 5th percentile) to 1.60 m
(SSP5-8.5* 83rd percentile) relative to the 1995-2014 baseline,
based on simulations from the CMIP6 Scenario MIP
Intercomparison Project (Eyring et al., 2016). This marks the first
instance where socioeconomic scenarios (O’Neill et al., 2014) have
been integrated to align emission pathways with the most
appropriate radiative forcing values projected for 2100 (Chen
et al., 2023). Unlike earlier RCP scenarios (e.g., Church et al,
2013; Oppenheimer et al,, 2019), the new SSP framework ensures
consistency between socioeconomic trajectories and their
corresponding emission futures. Another key advancement in
ARG is the inclusion of the SSP1-1.9 scenario, representing a
strong mitigation pathway. This scenario enables the assessment
of differential outcomes under approximately 1.5°C of warming (see
Supplementary Table S1) relative to pre-industrial levels, which is
particularly relevant for evaluating the Paris Agreement goals.

The climate-induced SLR scenarios are downscaled to a 1° x 1°
grid resolution, incorporating an estimate of VLM. VLM is estimated
by comparing tide gauge measurements with consistent climate-
induced SLR and extracting the residual, which is interpreted as
VLM (Kopp et al,, 2014). This is assumed to continue linearly until
2100 (Fox-Kemper et al., 2021). Future coastal population projections
are based on the spatially explicit gridded population dataset from
Merkens et al. (2016) under the SSPs, while GDP projections are
sourced by the SSP database Version 5 (ITASA, 2012; O’'Neill et al,
2014). The elevation data used in this analysis is the MERIT DEM
(Yamazaki et al., 2017). We consider three social discount rates—0%,
3%, and 6%—which represent interest rates applied to assign present
values to future costs and benefits. The combination of SLR scenarios
and discount rates provides a total of 51 scenarios.
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3 Results

3.1 Migration and land loss over the
twenty-first century

3.1.1 Global level

Our results indicate that between 4 million to 72 million people
are expected to migrate due to SLR over the twenty-first century
across a range of scenarios. The minimum is associated with the 5th
percentile of the lowest SLR scenario (SSP1-1.9), and the maximum
with the 95th percentile of the SSP3-7.0 scenario (corresponding to
a global mean SLR of 0.21 and 1.11 m, respectively, from the
baseline period of 1995-2014 to 2100) (Figures 1, 2; Supplementary
Table S4). Global migration numbers show a wide range, as they
depend not only on SLR scenarios but also on socioeconomic
factors, particularly population change. Under the SSP1-1.9
scenario (“sustainability”), a total of 4-36 million people are
projected to migrate by 2100. Under the SSP3-7.0 scenario
(“regional rivalry”), which represents the highest population
growth and lowest economic growth among the SSPs (KC and
Lutz, 2017; O'Neill et al., 2017), the migration reaches its highest
values, ranging from 22 to 72 million people by 2100. Figure 2 also
presents the cumulated number of migrants versus global mean sea
levels, highlighting the influence of socioeconomic scenarios on the
results, particularly under the SSP3-7.0 scenario. The scenarios
with the highest increase in sea levels, represented by SSP5-8.5 95th
percentile and SSP5-8.5* 83rd percentile (“fossil fuel-driven”),
show a maximum of 57 and 67 million people migrating,
respectively (Figure 2).

Global net land loss across all scenarios ranges from 2,800 to
490,000 km? (Figure 1), showing a steady increase from the
smallest (SSP1-1.9) to the largest (SSP5-8.5) SLR scenario.

10.3389/fmars.2025.1505633

Unlike migration, global land loss is much less influenced by
socioeconomic factors, as only a small portion of land in coastal
floodplains is protected. Consequently, land loss primarily depends
on the magnitude of SLR (Lincke and Hinkel, 2018; 2021).

The migration trends over time for different SSP scenarios
(Figure 3) vary, reflecting differences in SLR projections and
socioeconomic evolution throughout the twenty-first century,
which influence population dynamics and adaptation decisions.
Under SSP1-1.9 and SSP1-2.6, which project the smallest SLR,
migration trends decline over time for all percentiles in SSP1-1.9
and SSP1-2.6 95th, whereas SSP1-2.6 5th and 50th show a slight
increase until 2050 followed by a decline. This trend results from
population decreases after 2050 and continued wealth growth, while
protection costs remain constant, making protection more
favourable than migration. For SSP2-4.5, SSP3-7.0, and SSP5-
8.5, migration trends across percentiles follow a similar pattern but
with different magnitudes. In the 5th percentile, migration increases
gradually under SSP2-4.5, while SSP5-8.5 and SSP3-7.0 show a
steeper rise, particularly in the latter due to the highest population
growth. In the 50th percentile, migration increases until around
2045-2050, with approximately half a million people migrating per
year. This trend is driven by moderate sea-level rise and population
growth up to 2050. After 2050, migration declines more sharply
under SSP2-4.5 until the end of the century, whereas a new increase
is observed from 2085, driven by continued population growth
under SSP3-7.0 and SLR exceeding 0.4 m under SSP5-8.5. The
opposite trend is observed for the 95th percentiles, which represent
the highest increases in SLR for each scenario. In these cases, the
number of people migrating per year declines until 2050, followed
by an increase thereafter. The SSP3-7.0 scenario shows the highest
migration, with around a million people per year by 2100. This
scenario is unique in that global population growth continues until
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FIGURE 1

Global cumulative migration (million people, right axis) and net land loss (km?, left axis) over the twenty-first century (2020 to 2100) under different
SSP scenarios. Bars represent mean values across all discount rates, with error bars indicating the minimum and maximum values.
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the end of the century, reaching an estimated 12 billion, while GDP
remains the lowest (Supplementary Figure S1). Discount rates on
migration contribute to a wider range in the 50th and 95th
percentiles for medium-confidence SLR scenarios and in both
percentiles for the low-confidence SLR scenario (SSP5-8.5%).

3.1.2 Country level

Figure 4 illustrates the countries with more than one million
migrants over the twenty-first century. Apart from SSP1 5th
percentile, India and Vietnam experience the highest migration
under all scenarios, reaching a maximum of 14 and 12 million
migrants by 2100, respectively, both associated with the SSP3-7.0
95th percentile scenario. Under SSP1 scenarios at the 5th percentile,
the Philippines (for both SSP1-1.9 and SSP1-2.6) and Nigeria (for
SSP1-2.6) exhibit the highest migration. India, Vietnam, Nigeria,
the Philippines, and Indonesia appear across all other scenarios and

\
)

percentiles, while Myanmar is present in all but the 5th percentile
and SSP1-1.9 50th percentile. For these countries, the highest
migration by 2100 occurs under the SSP3-7.0 95th percentile
scenario, with mean values of 5.1 million in Nigeria, 4.0 million
in the Philippines, 3.6 million in Indonesia, and 3.2 million in
Myanmar. Bangladesh, Mozambique, and China follow with the
next highest migration under the same scenario. In contrast, Brazil
and the USA experience the highest migration under the SSP5-8.5*
83rd percentile scenario, highlighting the significance of population
projections alongside their dependence on high SLR (1.7 and 1.5 m,
respectively). The Philippines faces the highest national relative SLR
under the SSP5-8.5% 83rd percentile scenario, with an average
national SLR of 1.90 m by 2100, resulting in 3.8 million migrants.

Figure 5 shows the countries projected to lose more than 10,000
km? of land over the twenty-first century under the SSP scenarios.
The USA, Russia, Indonesia, Brazil, and Australia are the top five
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Countries with more than one million people migrating over the twenty-first century (2020 to 2100) under different SSP scenarios in 2100. Sea-level
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3166-1 alpha-3 codes: IND, India; VNM, Vietnam; PHL, Philippines; NGA, Nigeria; IDN, Indonesia; MMR, Myanmar; MOZ, Mozambique; CHN, China;

USA, United States; BGD, Bangladesh; BRA, Brazil; MYS, Malaysia.

countries affected. These countries have extensive coastlines and
large floodplains, much of which is uninhabited or sparsely
populated, making protection less optimal. As SLR scenarios
intensify, land loss increases, with a stronger dependence on
migration than socioeconomic projections. Indonesia and
Vietnam exhibit the widest range of land loss across scenarios,
indicating greater sensitivity to the effects of different discount rates
on protection decisions. This is due to the high concentration of
people and assets in affected areas, which is also reflected in the
highest number of migrants (Figure 4). Two other countries with
significant potential for land loss—China and Canada—do not
feature in the top five. China implements high levels of coastal
protection to safeguard its large coastal population, thereby
reducing land loss. Without such measures, China would face a
maximum land loss of 93,000 km? by 2100 due to SLR.
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However, coastal protection limits this loss to just 4,600 km?, a
reduction of over 95% (see Supplementary Data). In contrast,
Canada experiences significant areas of sea-level fall, leading to
land gains that offset net land loss at the national scale (see
Supplementary Tables S2, S5; Supplementary Figure S4).

When considering the level of migration relative to the
national population in 2020 for each SSP scenario, countries
highly exposed to rising sea levels, particularly those with a
large proportion of people living in low-lying coastal areas and
Small Island Developing States, are the most affected (Table 1).
Guyana exhibits the highest relative migration under all scenarios
(Supplementary Figure S2). Similarly, when assessing land loss
relative to total land surface, Small Islands are the most affected,
with the Marshall Islands experiencing the greatest relative land
loss (Table 2).
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FIGURE 5

Countries with more than 10,000 km? of land loss over the twenty-first century (2020 to 2100) under different SSP scenarios in 2100. Sea-level rise
is expressed as coastal-mean relative sea level at the country level, as calculated in DIVA. Symbols represent mean values for different percentiles
(red/square 5th percentile, green/triangle = 50th percentile, pink/circle = 95th percentile, yellow/hollow circle = 17th percentile, blue/hollow square
= 83rd percentile), with error bars indicating the minimum and maximum values across different discount rates. Countries are denoted by their ISO
3166-1 alpha-3 codes: USA, United States; RUS, Russia; IDN, Indonesia; BRA, Brazil; AUS, Australia; VNM, Vietnam; MEX, Mexico; IND, India; MMR,

Myanmar; CAN, Canada.

3.2 Total cost of sea-level rise

Sea-level rise costs are modelled as the sum of three
components: protection costs, migration costs, and flood damages
(see Methods section). The total cost of SLR, considering a
combination of protection and retreat strategies, is projected to
range between 2,500 and 15,400 billion US$ across the AR6 IPCC
scenarios over the twenty-first century (Figure 6). In general, little
difference is observed between SSP1 and SSP2 regarding total costs
(with mean values for the 50th percentiles of SSP1-1.9, SPP1-2.6,
and SSP2-4.5 estimated at 4,500, 4,700 and 4,800 billion USS$,
respectively), and similar cost proportions. However, as SLR
increases, total costs rise due to higher protection and migration
costs, with migration costs becoming the dominant factor.
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Thus, migration costs become the largest contributor to total
costs for the 95th percentile scenario in all SSPs, highlighting the
dependence on SLR. However, under the SSP3-7.0 scenario, both
the total cost and its proportion are lower (4,000 billion US$ mean
at the 50th percentile) due to the scenario’s lower economic growth,
which results in reduced asset values and, consequently, lower
damages compared to other scenarios. This underscores the
dependence of risks/costs not only on SLR scenarios but also on
socioeconomic factors. SSP5-8.5 scenarios represent the highest
total SLR cost: with a mean value of 8,000 billion US$ (medium
confidence) for the 50th percentile and up to 13,100 billion US$ for
the 83rd percentile (low confidence), driven by the greatest rise in
sea levels occurring in a wealthier world (Figure 6; Supplementary
Figure S1). Protection costs constitute the largest share of total
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TABLE 1 Relative migration (%) over the twenty-first century (2020 to
2100) across all SSP scenarios and discount rates.

Rank Country Mean Min-Max
1 | Guyana 23.8 1.1-61.1
2 | Gambia 134 3-27.8
3 Guinea-Bissau 11.6 1.7-26.2
4 | Marshall Islands 10.5 6.7-21.3
5 | Solomon Islands 7.8 3.5-12.7
6 | Fiji 7.3 5.3-10.7
7 | French Guiana 6.6 1.8-11.3
8 | Suriname 6.3 1.7-12.3
9 | Montserrat 5.9 1.0-17.6

10 = Vietnam 5.9 0-13.2

The reference population corresponds to the total national population in 2020.

costs, particularly for smaller increases in sea levels (5th and 50th
percentiles) across all scenarios except SSP5-8.5 medium and low
confidence (SSP5-8.5*). Migration costs represent the largest under
higher SLR (95th percentile and SSP5-8.5 scenarios).

The top 10 countries with the highest total cost of SLR under the
SSP1-1.9 50th percentile scenario are China, India, Indonesia, the
USA, Vietnam, Nigeria, the UK, Japan, Germany, and Bangladesh
(Figure 7). Under the SSP3-7.0 scenario, the highest total SLR costs
are observed in China, the USA, India, Indonesia, Vietnam, Japan,
Nigeria, the UK, the Netherlands, and Germany. While protection
is the predominant component of SLR costs in Europe and some
parts of Asia, such as China and Japan—due to high urbanisation
and stringent protection standards—migration costs are the most
dominant component in southern countries. Under a high-emission
scenario (SSP5-8.5% 83rd percentile), the total cost of SLR increases
significantly for all countries, with migration costs being
particularly high in southern countries and the USA (Figure 7).

TABLE 2 Relative land loss (%) over the twenty-first century (2020 to
2100) across all SSP scenarios and discount rates.

Rank Country Mean Min—Max
1 | Marshall Islands 13,5 4.3-28.1
2 Bahamas 83 1.4-23.3
3 Saint Martin 7.1 0.0-14.3
4 | Tokelau 5.7 0.6-12.6
5 | Kiribati 5.6 1.9-14.6
6  Honduras 4.8 0.2-19.1
7 | Maldives 45 0.6-13.4
8  Gambia 44 0.7-11.0
9 | Guinea-Bissau 44 0.4-11.4

10 | Tuvalu 4 1.2-12.1

The reference land area is the total national land area in 2020.
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Under the cost-benefit analysis, 2.8% of the world’s coastline has a
positive NPV for protection across all scenarios (SSPs and discount
rates). This protected coastline encompasses 78.5% of the population
residing in coastal floodplains (below the 1-in-100-year flood
frequency) and 90.7% of the assets, as these areas tend to be
wealthier (Table 3). In contrast, 91.9% of the coastline is not
protected under any scenario, making retreat the most economically
efficient option, affecting only 7.4% of the global coastal population.
When considering individual SSP scenarios, the length of protected
coastline decreases slightly with increasing SLR (Figure 8) and increases
with GDP/capita. Under SSP5 scenarios (both medium and low
confidence), the highest percentage of global coastline protected is
5.6% (SSP5-8.5 5th and SSP5-8.5* 17th), based on the mean value of
the three discount rates. This reflects the socioeconomic conditions and
increased wealth associated with the SSP5 scenario compared to the
other scenarios (Supplementary Figure S1). However, as SLR increases,
the proportion of coastline designated for protection declines, while the
extent of retreat expands. This shift occurs because retreat, leading to
migration, becomes the most economically viable adaptation strategy
to SLR (Figure 8).

Most of the countries where protection is widespread are located in
Europe and Asia (Figure 9; Supplementary Table S5). Countries or
territories with very short coastlines that consistently show robust
decisions to protect in all cases include Belgium, Bermuda, Gibraltar,
Iraq, Macau, and Monaco (Supplementary Table S5). Countries or
territories with more than 50% of the coastline designated for
protection under all scenarios include Singapore, Hong Kong, the
Netherlands, and Bahrain, while those with 30%-50% protected
coastlines include Brunei Darussalam, China, Lebanon, Bangladesh,
Slovenia, and Qatar (Figure 9; Supplementary Table S5). For the vast
majority of the global coastline, retreat remains the most optimal
adaptation option under all scenarios (Figure 9, red contours).

4 Discussion

Global assessments of migration due to SLR often overestimate
their numbers (e.g., Milliman et al., 1989; Myers, 2002), as most studies
consider only exposure to SLR and do not account for adaptation
options that reduce migration (Myers, 2002; Nicholls et al., 2011;
Lincke and Hinkel, 2018, 2021). Here, we have estimated the number of
people migrating on a global scale while considering coastal retreat,
which leads to migration when it becomes the most robust economic
adaptation option for coastal populations impacted by SLR, rather than
protection. We have adopted a local CBA framework, one of the most
common methods governments use to estimate coastal damages and
determine whether to invest in new coastal defence infrastructure (e.g.,
Penning-Rowsell et al., 2014). One of the limitations of the CBA is the
discount rates considered, as they reflect various societal perspectives,
uncertainties, and time preferences related to the costs and benefits of a
project (Goulder and Williams, 2012; Hinkel et al., 2018). To address
this, we have included three discount rates (0%, 3% and 6%),
presenting the results with mean, minimum, and maximum values
to account for this uncertainty. There are multiple types of protection
that prevent or reduce flooding, such as natural (e.g, dunes) and
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artificial (e.g., dikes) approaches. Although there is a growing interest in
nature-based solutions (NbS) due to their reduced impacts and
potential benefits for the natural environment, we have considered
only artificial/hard protection. This is one of the most widely employed
adaptation options, providing the most predictable levels of safety
against coastal extremes and SLR (Oppenheimer et al, 2019;
Vousdoukas et al.,, 2020), as well as a generally well-understood form
of protection. Other potential costs, such as ecosystem loss from coastal
squeeze due to increased coastal protection against flooding, are not
included in the analysis. Moreover, coastal flooding due to SLR is
considered to have the largest potential human impact, including
coastal migration, and we have the data and methods to conduct a
global analysis. Other SLR impacts, such as erosion, saltwater intrusion,
and degradation of coastal resources (Chen and Mueller, 2018; van de
Wal et al,, 2024), have not been included in this analysis, as they are
more complex hazards for which global data and models are not
available. Furthermore, their impacts are expected to be much smaller
than those of flooding. This analysis considers coastal flooding due to
extreme water levels produced by the combination of tides, surges, and
a rising sea level, as these factors are well understood and available
homogeneously at the global scale. Additional coastal flooding could
occur due to compound events (van de Wal et al., 2024; Wu et al,
2025), but suitable global datasets for analysing this are not
currently available.

The approach used here generalises assumptions about migration,
such as local decision-making, the social context, and environmental,
cultural, and livelihood factors that cannot be fully captured within a
CBA (Hinkel et al,, 2018). While we recognise that these are complex
and localised phenomena, adopting assumptions for adaptation and
future socioeconomic scenarios, this framework provides an
informative representation of the potential number of displaced
people, with calculations performed at a relatively detailed scale
(DIVA segments averaging ~ 60 km in length) and integrated and
presented here at global, national, and subnational levels. Under the
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SLR scenarios presented in the IPCC AR6 report (Fox-Kemper et al,,
2021), with global-mean SLR projections between 0.21 and 1.6 m, we
find that between 4 and 72 million people could be displaced during
this century. By considering protection and retreat in our assessment,
we have refined the estimated number of people migrating compared
to results obtained when no coastal protection assumptions are made.
If no protection was considered, the number of people assumed to
migrate by 2100 would increase significantly, totalling between 49 and
250 million (population below 1-in-1-year return period floodplain)
(Figure 10). Significant migration is projected even under the lowest
SSP scenarios, highlighting the benefits of protection across the entire
SLR scenario range. Depending on the SSP scenario, only 11% to 32%
of the total potential migrants would migrate if CBA protection is
implemented as considered here (Figure 10).

Here, we have assessed the implications of the new IPCC AR6
SLR scenarios, which considered, for the first time, a very strong
mitigation scenario, SSP1-1.9, in line with the Paris Agreement goals.
Our results show that even under this scenario, where SLR is
relatively low (0.21-0.70 m), SLR will still have significant impacts
on coastal areas globally over the twenty-first century, with a
minimum of 4 million to a maximum of 36 million migrants and a
total cost between 3.3 and 5.8 x 10° billion US$. This supports earlier
analyses and shows that, in coastal areas, the best climate policy is a
combination of strong mitigation and adaptation to the residual risks
(Nicholls et al., 2018; Lincke et al., 2022; Le Cozannet et al., 2023).

Importantly, the magnitude of global coastal migration is
influenced by the SLR scenarios and the socioeconomic scenarios.
The effect of future socioeconomic development influences flood
risks in terms of population exposure, their vulnerability to SLR,
and their ability to provide protection (Nicholls, 2004; Dada et al.,
2023), as reflected here by the total number of migrants. Coastal
population projections for the different scenarios are markedly
affected by global regions, with higher increases under the SSP3-
7.0 scenario for African countries, Latin America, and Asia, whereas
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FIGURE 7

SLR cost and their components for all countries under three selected SSP scenarios (SSP1-1.9/SSP3-7.0/SSP5-8.5*%) from 2020 to 2100. Bar plots
represent the share of each SLR cost component for the top 20 countries with the highest costs under each scenario.

under SSP5-8.5, higher increases are observed in North America,
Oceania, and Europe (Merkens et al., 2016; Reimann et al., 2023b).
This influences the number of migrants.

It is also worth noting that while 2.8% of the world’s coastline is
protected under all SSP scenarios, this protects 78% of the
population and 91% of assets in coastal areas. This shows how
coastal residents and the associated economy are strongly
concentrated in a few areas. Hence, a relatively small amount of
protection, in terms of length at a global scale, can protect most
coastal residents (Lincke and Hinkel, 2018). This analysis shows
that during the twenty-first century, most coastal residents can
plausibly be protected from SLR, while simultaneously, the bulk of
the world’s coast can be allowed to retreat.

We also acknowledge that there are uncertainties. For example,
we use protection costs from Nicholls et al. (2019). These draw on
country cost factors from Dronkers et al. (1990) and Hoozemans

Frontiers in Marine Science

et al. (1993), informed by more recent cost estimates from the
Netherlands. These estimates are still highly uncertain, and more
empirical research is needed to improve unit costs and understand
different country cost factors. Migration has been costed at three
times the local GDP per capita per migrant. This is supported by
sensitivity analyses and literature reviews of local cases where
retreats have taken place (Lincke and Hinkel, 2021). These can be
seen as the minimum cost of migration, mainly representing the
value of assets lost per person. However, more empirical
justification for these costs would improve future assessments.
Predicting migration is sensitive to the assumed migration cost
and protection cost. While the number used is considered a robust
estimate within the range of other studies (e.g., Lincke and Hinkel,
2021; Nicholls et al., 2019; Tiggeloven et al., 2020; Vousdoukas et al.,
2020), if migration costs rose and protection costs fell, more people
would migrate, and vice versa.
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TABLE 3 Proportion of coastline and exposure for different levels of protection under all scenarios (SSP and discount rates) from 2020 to 2100.

Coastline  Coastline  Floodplain Floodplain Population = Population Assets Assets
(km) (%) % area (%) (mill) (%) (bill USS) (%)
Never protect (0%) 635,185 91.9 414,400 63 11.4 74 221.8 27
= retreat
Retreat (migrants) 518,041 75
Retreat 117,144 17
(Uninhabited
coastline)
Rather not protect 15,006 2.2 35,800 5.4 7.6 5 107.9 13
(19%-33%)
Possible protect 12,397 1.8 32,900 5 7.5 4.8 127.3 1.6
(34%-67%)
Rather protect 9,441 1.4 30,100 4.6 6.6 4.3 297.2 37
(67%-99%)
Always 18,987 2.8 144,500 22 120.5 78.5 7,346.2 90.7
protect (100%)

Exposure values are referred to the year 2020 and are considered a 1-in-100-year floodplain.

There are also limitations associated with the use of global datasets
(Hinkel et al, 2021; Li et al, 2023), such as the DEM, as vertical
accuracy remains a major source of uncertainty (Gesch, 2018),
particularly for small islands and territories (McMichael et al., 2020).
Here, the MERIT DEM, available at a horizontal resolution of 3 arcsec
(~ 90 m at the equator) and a vertical resolution of 1 m (i.e., decimal
values) has been used. When analysing different population data,
accuracy issues also seem to arise, particularly in small-scale
assessments, due to variations in spatial population distributions
(Li et al, 2023). However, while known errors can affect absolute
impact numbers, the relative impacts in terms of exposure and risks
are much less sensitive to the DEM and population data used, as shown

in other coastal flooding and adaptation assessments (e.g., Kirezci et al,,
2023; Lincke et al., 2022; Reimann et al., 2023a; Wolff et al., 2023).
Comparing these results directly with similar studies at global and
regional scales (e.g., Lincke and Hinkel, 2021; Tiggeloven et al., 2020;
Vousdoukas et al., 2020) to evaluate adaptation strategies or to calculate
coastal migration (Smith et al., 2023) is not straightforward. In all cases,
different assumptions for adaptation and datasets are considered.
Vousdoukas et al. (2020) protect more of the European coast than
our assessment. This appears consistent, as our analysis also considers
retreat, which can offer lower costs—an option not available in the
Vousdoukas analysis. Apart from protection, Lincke and Hinkel (2021)
include retreat as another adaptation option, making their analysis the
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Percentage of the global coastline with robust protection responses (NVP > 0) under different SSP scenarios, shown as mean values considering
three discount rates. Error bars represent the minimum and maximum values across different discount rates.
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most similar to this study. However, different datasets (such as DEM)
are considered in this analysis while stressing the impact of different
SSP scenarios (Fox-Kemper et al.,, 2021). Nonetheless, our estimates are
close to those obtained by Lincke and Hinkel (2021), who assessed
RCP2.6 (5th and 95th), RCP8.5 (5th and 95th), and a high-end
scenario (Jevrejeva et al., 2016), covering a global-mean SLR range of
0.3-1.7 m. They predict the total number of people migrating to be
between 17 and 72 million, with similar results to this analysis for the
upper band. However, our results add a lower SLR scenario (SSP1-1.9),
with as few as four million migrants. In this assessment, we have
employed MERIT DEM data (Yamazaki et al., 2017). This results in a

total of 2,800 to 490,000 km? of global net land loss during the twenty-
first century, a range larger than that obtained by Lincke and Hinkel
(2021) using Shuttle Radar Topography Mission (SRTM), with a total
estimate of 60,000 to 415,000 km? of global land loss. This is also
reflected in the total land loss at the country level, almost double that
estimated by Lincke and Hinkel (2021) for Indonesia, the USA, Brazil,
Australia, Vietnam, and Mexico while reducing by more than half the
land loss estimated in Canada and Russia. In Canada, land loss is lower
than in Lincke and Hinkel (2021) as the new SLR projections are
significantly lower there and often show relative sea-level fall, especially
around Hudson Bay (see Supplementary Figure 54).
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FIGURE 10

Cumulative number of people migrating under SSP scenarios by 2100, considering cost—benefit-based protection (this study, orange bars) and no protection
(maximum migration, blue bars). Numbers indicate the percentage of migrants relative to the total number of potential migrants (without protection).
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These results should be considered indicative as they allow us to
explore potential outcomes that help to inform national governments,
intergovernmental agencies, and other interested parties about the scale
of future risks. They also serve as a starting point for analysing and
implementing adaptation strategies at more detailed scales. In practise,
many adaptation options are available at any location, but the choice
between protection and retreat, as considered here, is fundamental and
informative. As the results show, adaptation strategies will vary by
location, and protection is the most cost-beneficial strategy in some
areas, depending on physical and socioeconomic characteristics. Where
protection is not favoured, migration can be an efficient response to
SLR and socioeconomic pressures (Bachner et al, 2022). This
assessment helps governments and related organisations recognise
the need for proactive planning for coastal adaptation at the national
scale, including planned relocation where appropriate (see, e.g.,
McMichael and Katonivualiku, 2019) and targeting adaptation
investments in more vulnerable locations. This is already happening
in some countries, such as several Small Island States—Maldives,
Micronesia, the Marshall Islands, Kiribati and Fiji—where migration
and planned relocation of vulnerable populations are included in their
national adaptation policies (Hauer et al., 2020).

Data on the number of people displaced due to conflicts and
disasters are collected annually in The Global Report on Internal
Displacement (GRID) (IDMC, 2024). This report highlights that,
although disasters can result in high numbers of displaced people
from a single event (e.g., an earthquake) in a given year, multiple
disasters, floods, and storms (cyclones and others) are the primary
causes of displacement worldwide. In 2023, the East Asia and Pacific
region accounted for the highest number of people displaced due to
floods and storms, totalling nine million (IDMC, 2024). Although
this figure represents the consequence of disasters—primarily
extreme events, most of which are attributed to cyclones—we
found that the coastal countries most affected worldwide (e.g.,
China, the Philippines, Bangladesh, Myanmar, Brazil, Pakistan,
Mozambique, Kenya, Indonesia, and Malaysia) are also the top
countries identified in our analysis. Although China is not within
the top 10 countries for people migrating due to SLR (it ranks 11th)
(see Supplementary Table S3), it has the highest total cost of SLR,
driven by significant investment in protection, which limits the need
for migration. Similarly, Bangladesh has relatively low migration
compared to its potential for migration, as protection remains the
preferred response (see Supplementary Data). With climate change
and SLR, the frequency and intensity of these weather-related hazards
will increase (IPCC, 2023), making these countries more vulnerable
to their impacts. Without adequate planning, migration as a last
resort is likely to increase, with critical consequences for their
populations (Bardsley and Hugo, 2010).

5 Conclusion

We have evaluated the implications of coupled sea-level rise and
SSP scenarios presented in the IPCC AR6 assessment on land and
population, considering optimal protection versus retreat as a realistic
choice for coastal adaptation. Across the SSP scenarios, we estimate
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that between 4 and 72 million people will migrate, with land loss
ranging from 2,800 to 490,000 km” over the twenty-first century (2020
to 2100). A strong mitigation scenario (SSP1-1.9), which limits global
warming to approximately 1°C-1.8°C in line with the Paris Agreement
goals, would considerably reduce migration numbers (4-36 million
migrants). However, slow SLR will persist, impacting coastal areas
worldwide and necessitating continued adaptation. Socioeconomic
scenarios play a crucial role in migration projections and influence
the extent of coastal areas where protection remains optimal. Notably,
the highest migration occurs under the SSP3-7.0 scenario rather than
the higher-emissions SSP5-8.5 scenario, as the former assumes larger
global population projections and benefit-cost economic constraints
that limit cost-effective coastal protection. Consequently, up to 72
million migrants may be expected under SSP3-7.0.

India, Vietnam, Nigeria, the Philippines, and Indonesia are the
top migrant-producing countries across all scenarios. In contrast,
land loss primarily affects countries with extensive low-lying coastal
areas, even in regions with smaller or unpopulated coastlines, such
as the USA, Russia, Indonesia, Brazil, and Australia. In relative
terms, considering the national population and total land area,
Small Island Developing States experience the greatest impact, with
the highest proportions of migrants and land loss. The highest
national costs of SLR are observed in China, India, Indonesia, the
USA, and Nigeria. These costs vary in composition: in China, they
are predominantly driven by extensive coastal protection efforts,
whereas in Nigeria, migration constitutes the primary cost.

The CBA shows that 91.9% of the world’s coastline has a robust
decision to retreat across all scenarios, impacting a total of 7.4% of
the coastal population. In contrast, for 2.8% of the coastline, the
economically robust decision is consistent protection. However, this
protected area encompasses 78% of the coastal population and 91%
of assets, highlighting the strong concentration of people and
economic value in select coastal regions. Thus, while protection is
spatially limited at a global scale, it effectively safeguards the
majority of people, whereas more dynamic adaptation strategies,
such as retreat, dominate in terms of coastal length. Protection
responses mainly occur in wealthy countries with short coastlines
and also in Europe and Asia. As SLR increases, the extent of
protected coastline slightly decreases, leading to greater reliance
on retreat and, consequently, more widespread migration.

The impact of SLR will inevitably persist throughout the twenty-
first century and beyond. Identifying the most effective adaptation
strategy is crucial to supporting vulnerable communities worldwide.
While protection will be viable for many locations, migration should
also be considered where appropriate. When planned in advance and
supported by sound development policies and targeted investments,
migration can serve as a sensible component of a national adaptation
strategy to SLR.
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