
1.  Introduction
Migration due to environmental factors could be a growing phenomenon of the 21st century (Myers, 2002). 
There are already significant migration streams today, mainly driven by urbanization processes, and climate 
change could intensify migration (Adger et al., 2020). In the coming decades population that is exposed to 
the impacts of anthropogenic climate change is projected to increase dramatically (IPCC, 2018). Increase in 
average temperature, changes in precipitation patterns and rising sea levels will probably lead to more and 
extreme weather events, such as heat waves, droughts, and floods, and as a consequence one response is for 
people to adapt to these events and their impacts through migration (Pachauri et al., 2014).

In recent years, a growing body of literature has investigated the influence of climate change on migration 
(Cattaneo et al., 2019). Generally, this literature emphasizes that migration is a complex phenomenon driv-
en by many push and pull factors and that migration is often only indirectly linked to environmental hazards 
while social factors play a bigger role (Black et al., 2011; Findlay, 2011; Martin et al., 2014; Millock, 2015). 
The economic aspects of migration (including costs of benefits for source and destination countries) have 
been discussed extensively (Bodvarsson & Van den Berg, 2013; Jean & Jimenez, 2007; OECD, 2013).

Within this literature on climate change and migration, sea-level rise (SLR) and coastal migration has 
gained a lot of attraction from the beginning (Myers, 1993, 2002; Schneider & Chen, 1980). Often there is a 
specific focus, for instance on river deltas (de Campos et al., 2020; Ericson et al., 2006; Lázár et al., 2020; Mil-
liman et al., 1989), on least developed countries (Nicholls & Leatherman, 1995), on post-disaster migration 
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Plain Language Summary  This study provides the first estimate of 21st century global 
coastal migration due to sea-level rise (SLR), considering the feedbacks between coastal protection and 
migration. 21st century coastal mean SLR of 33–170 cm combined with five socio-economic scenarios 
is projected to lead to global coastal land loss of 60,000–415,000 km² and associated migration of 17–72 
million people assuming cost-benefit optimal local protection decisions. Considering coastal retreat as 
an option in local coastal adaptation decision making lowers 21st century cost of SLR by factor 2 to 4 
compared to decision making that only considers protection as an option.
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(DeWaard et al., 2015; Gray & Mueller, 2012) or on small island states (Arenstam Gibbons & Nicholls, 2006; 
Speelman et al., 2017).

More recently, coastal retreat and assessments of the associated continental and global scale number of 
people forced to migrate due to future SLR have received increased attention in the literature and media, 
with accelerated SLR and increased coastal flooding potentially displacing millions of people from coastal 
areas (Cattaneo et al., 2019; Hauer, 2017; Hauer et al., 2019).

Indeed mean and extreme sea-levels are projected to rise substantially during the 21st century, with a re-
cently observed acceleration (Nerem et al., 2018). The recently released Special Report on the Ocean and 
Cryosphere in a Changing Climate (SROCC) of the Intergovernmental Panel on Climate Change (IPCC) 
projects that there is a 66% chance that global-mean sea level will rise by 0.6–1.1 m by 2100 if greenhouse 
gas emissions continue to rise unabated (i.e., RCP8.5) and still by 0.3–0.6 m in 2100 if emissions are reduced 
to meet the goal of the Paris Agreement to limit global warming “well below 2°C” (i.e., RCP2.6) (Oppen-
heimer & Glavovic, 2019), with large uncertainties and a fat tail on ice sheet contributions (DeConto & 
Pollard, 2016). Such substantial SLR will trigger different human responses ranging from coastal protection 
to retreating from the coastal floodplain, and the latter will lead to migration of coastal population.

The available continental to global scales assessments of coastal migration due to rising mean and extreme 
sea-levels (Desmet et al., 2018; Hauer, 2017; Nicholls et al., 2011; Rigaud et al., 2018), however, generally 
exhibit one major limitation: they have not taken into account the effects of coastal protection on migra-
tion. The only available studies that took into account the effect of coastal protection on migration have 
been conducted at coarse world-reginal scales with the Integrated Assessment Model FUND (Nicholls 
et al., 2008; Tol, 2002). These studies however, do not consider multiple scenarios for SLR and socio-eco-
nomic development. Furthermore its decision modeling is rather simple by only applying a threshold for 
population density.

Not considering coastal adaptation significantly overestimates the number of people forced to migrate, as 
the enduring lack of coastal protection is one of main drivers of coastal migration. People that are well 
protected do not migrate, as illustrated by the millions of people that are currently living below mean high 
tides, for instance in the Netherlands or other densely populated delta regions such as New Orleans, Tokyo 
and Shanghai (Oppenheimer & Glavovic,  2019). Today there is little migration from such places (Hino 
et al., 2017) and even if limits to coastal protection may be encountered in some places, the general trend is 
likely to continue into the future as coastal protection has been shown to be very effective and cost-efficient 
in reducing impacts in cities (Aerts & Botzen, 2012; Hinkel et al., 2018; Lempert et al., 2013) and at global 
scales (Diaz, 2016; Fankhauser, 1995; Hinkel et al., 2014; Lincke & Hinkel, 2018; Nicholls et al., 2008; Tig-
geloven et al., 2020; Tol, 2007).

We address this limitation and provide the first estimate of 21st century global coastal migration taking local 
protection decisions into account. We model migration due to SLR as the consequence of two plausible re-
treat scenarios: (i) autonomous migration, which assumes that coastal residents migrate when the land they 
live on is lost and managed relocation, which assumes that migration takes place earlier due to its proactive 
initiation and supervision by governments. To sample a wide range of relevant uncertainties, each retreat 
scenario is combined with five SLR scenarios reaching 33–170 cm in 2100 (RCP2.6 low ice melt, RCP2.6 
high ice melt, RCP8.5 low ice melt, RCP8.5 high ice melt and high-end), the five socioeconomic pathways 
(SSP) and five social discount rates from 0% to 6%. For the resulting 250 scenarios, we report on the land 
loss and number of people expected to migrate, what proportion of the coast is protected and retreated, and 
by how much coastal retreat reduces the total cost of SLR as compared to simulations that do not include 
migration. Finally, we analyze the robustness of local results in terms of the percentage of coastline with 
robust decisions over most or all scenarios. Thus, a global result of the analysis is the proportion of world's 
coast that is protected or retreated under a very wide range of possible futures, defined here by the 250 
scenario-combinations.
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2.  Methods
2.1.  Protection, Retreat, and Migration

We model coastal protection and coastal retreat decisions jointly as a consequence of local cost-benefit anal-
ysis (CBA) on about 12,000 coastline segments homogeneous in coastal and socioeconomic characteristics 
(Vafeidis et al., 2008).

By using CBA, we do not want to suggest that one should use CBA do make decisions on where to protect 
or retreat. The limitations of applying CBA are well known and have been discussed extensively in climate 
change literature (Chambwera et al., 2014; Dennig, 2018; Kunreuther et al., 2014; Markanday et al., 2019) 
In particular, it is near to impossible to unambiguously monetize the many intangible values constituting 
the costs and benefits of protection and retreat decisions including migration (Barkin,  1967) or ecosys-
tem services (Turner et al., 2007). And even if this would be possible, other decision criteria beyond bene-
fit-cost-ratios or net present values (NPVs), such as environmental justice theory (Ajibade, 2019), could also 
be applied.

Conversely, here we apply CBA as a descriptive model of plausible government behavior in the face of coast-
al risks and we argue that this is a good model for several reasons. First, CBA is currently applied to coastal 
protection decisions in some of the countries facing the highest coastal risks today, such as the Netherlands 
(Van der Most et al., 2014) and the United Kingdom (Defra, 2011). Second, it is plausible that CBA will 
be more widely applied in the future given that coastal damage and adaptation costs under 21st century 
SLR can amount to several percent of GDP (Hinkel et al., 2014; Tol, 2007), which means that there is an 
increasing existential need to economize on adaptation expenditure. This need is already apparent today 
as adaption deficits are growing due to increasing costs and decreasing government spending due to high 
government debt and austerity policies being put in place (Bisaro & Hinkel, 2018). Finally, and associated to 
this, an increasing number of policy frameworks are calling for a risk-based approaches to adaptation, such 
as for example, found in European Water Framework Directive (European Parliament, 2000) and the 2019 
strategic development plan of the Maldives (Republic of Maldives president's office, 2018).

Our CBA minimizes the NPV of the total cost of SLR, defined here as discounted sum of protection cost 
(cost for upgrading and maintaining coastal protection), migration cost and residual damage cost, which is 
caused by floods that over-top existing protection. See supplementary material for a mathematical account 
of this optimization. The procedure is applied separately for each coastline segment taking into coastal 
exposure evolving with socioeconomic development and SLR. The resulting cost-optimal response strategy 
can either be protection with a cost-optimal protection level or no protection which implies retreat from the 
coast.

Migration is then modeled as the consequence of two plausible retreat scenarios that differ in the flood 
probability threshold at which retreat is initiated. Determining this threshold empirically is difficult be-
cause there is hardly any empirical evidence to draw upon (Oppenheimer & Glavovic, 2019). Hence, we 
explore the implication of this uncertain threshold using two retreat scenarios plus an additional sensitivity 
analysis.

In our autonomous migration scenario coastal residents migrate in an individual basis when the land they 
live on is lost, assuming that there is no government effort to initiate and coordinating retreat earlier. We 
follow the assumption that land is lost if it lies below the 1-in-1 year flood return level (Nicholls et al., 2011), 
which means that land is inundated in average once per year and thus generally not usable for buildings 
and infrastructure. Hence the population stays as long as possible—until the land is finally uninhabitable. 
This scenario resembles what is called voluntary migration, but associating voluntariness to some forms of 
migration can and has been debated (Adger et al., 2014), particularly in the context of SLR making land un-
inhabitable (Oppenheimer & Glavovic, 2019). Here, we follow (Hino et al., 2017) and use autonomous mi-
gration, as this form of human mobility usually occurs as a result of autonomous retreat (Hino et al., 2017) 
The high flood probability threshold used in this scenario reflects the empirical finding that there is often 
an unwillingness to migrate, even under constant threat (Esteban et al., 2020; Hauer et al., 2019). The 1-in-
1 year flood return level threshold models this unwillingness in that the individual decision to migrate is 
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delayed as long as possible. Only when the land becomes regularly inundated (1-in-1 year flood return level 
can be seen as a proxy for spring high tides) people leave.

In our managed relocation scenario, coastal residents migrate already if they live below the 1-in-10 years 
flood return level, reflecting that the loss of land due to gradual SLR is foreseeable and migration can take 
place before the land is swallowed by the sea. This resembles that retreat is which refers to migration in-
itiated, supervised and/or implemented by governments (Hino et al., 2017). The lower flood probability 
threshold used in managed relocation scenario reflects that such a retreat is usually more proactive. We do 
not cover what is called displacement as we do not do event-based modeling of coastal floods.

In the managed relocation scenario, the abandoned land is not lost earlier as compared to the autonomous 
migration scenario, reflecting that the land below the 1-in-10 years flood level can still be used temporarily 
for purpose that do not require long-lived infrastructure such as, for example, agriculture (Tol et al., 2016).

In order to compare our results with those of earlier flood risk studies that did not consider retreat, we also 
include a no retreat scenario.

2.2.  Migration Cost

Migration is costed as 3.0 times local GDP per capita per migrant, which is roughly the value of the assets on 
the lost land (for each resident 2.8 times local GDP per capita (Hallegatte et al., 2013) plus 7% deconstruc-
tion cost (Diaz, 2016). This assumes that assets subject to abandonment have to be renewed completely. 
While some authors have argued that because SLR is a slow and gradual process, assets have depreciated 
their entire value once they are swallowed by the sea (Tol et al., 2016; Yohe & Tol, 2002), but little empirical 
evidence is available on this. Furthermore, we assume that both in the case of reactive as well as planned 
relocation, that the social planer compensates or buys out homeowners, which has been observed today. 
For example, in the aftermath of the coastal flooding brought by Xynthia, the French Government offered 
to fully compensate all home-owners, based on the value of the real estate prior to the storm and most 
homeowners accepted within a year (Lumbroso & Vinet, 2011). Finally, the migration cost used lies within 
the range of migration cost used in the few global studies available, as well as empirically established cost 
estimates in some case studies ([Diaz, 2016]; [Hinkel et al., 2013]; [McNamara & Des Combes, 2015]; [Re-
generis Consulting, 2011]; [State of Louisiana, 2015]; ([Tol, 1995]; Table S3).

2.3.  Flood Damages

The methods for assessing global coastal flood damages follow earlier work from Hinkel et  al. (Hinkel 
et al., 2014). These authors calculate the impact of coastal extreme event flooding in terms of the mathemat-
ical expectation of flood damages (expected annual damages) under a given protection level for the 12,148 
coastline segments defined in the DINAS-COAST database (Vafeidis et al., 2008). Coastal segments repre-
sent parts of the coast with homogeneous biophysical and socioeconomic characteristics. People affected by 
coastal floods and expected annual flood damages are calculated by combining elevation-based population 
and asset exposure with flood depths caused by extreme events and applying a depth-damage function. Ex-
pected annual flood damages are computed as the mathematical expectation of damages based on extreme 
event distributions. Affected population is not translated into economic damages.

Extreme water level distributions are taken from the GTSR database (Muis et al., 2016) and are assumed to 
uniformly increase with SLR, following 20th century observations (Menendez & Woodworth, 2011). Cur-
rent protection levels are taken from a stylized protection model (Sadoff et al., 2015) complemented with 
protection levels for the biggest 136 coastal cities (Hallegatte et al., 2013). As in earlier work (Lincke & 
Hinkel, 2018) land with a population density below 30 people per km2 is considered as unpopulated land. 
Protection level zero is assumed for unpopulated land. In unprotected areas it is assumed that nobody lives 
below the 1-in-1-years water level. Cost for construction of protection infrastructure are based on national 
unit cost for dikes (Hinkel et al., 2014) and the annual maintenance cost for protection infrastructure is one 
percent ot its capital cost.
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2.4.  Scenarios

21st century SLR impacts, expected flood damages, protection costs and coastal migration are assessed for 
combinations of five SLR scenarios, five socioeconomic scenarios, five discount rates and two retreat sce-
narios. Four regional SLR scenarios (Hinkel et al., 2014) (the 5th and 95th percentile of RCP2.6 using the 
HadGEM-ES2 model and the 5th and 95th percentile of RCP8.5 using the HadGEM-ES2 model) are com-
plemented with a fifth high-end regional sea-level scenario (Jevrejeva et al., 2016) in order to sample also 
the low-probability, high impact tail of possible 21st century SLR. The climate induced coastal mean SLR of 
these scenarios covers a range of 0.3–1.7 m over the 21st century (Table S1). While under the RCP2.6 scenar-
ios sea-levels rise roughly linear until 2100, under the RCP8.5 scenarios sea-levels accelerate significantly 
in the second half of 21st century (Figure S3). For local relative sea-level change climate-induced SLR is 
complemented with glacial-isostatic adjustment (Peltier, 2004) and delta subsidence for coastal segments 
associated with river deltas.

As socioeconomic scenarios for population and assets projections we use the five Shared SSP version 9 (Fig-
ure S4) provided by the SSP database (IIASA, 2012; O'Neill et al., 2014). For discounting future costs we use 
five rates from 0% to 6% (in 1.5% steps) in order to cover the full range of discount rates put forward from 
both positivist and ethical perspectives in the literature on intra-generational discounting of climate change 
benefits and costs (Weisbach & Sunstein, 2008; Weitzman, 2007).

Land loss due to permanent inundation is modeled using flood frequency (R. Nicholls et al., 2011). Unpro-
tected land that falls below the 1-in-1 year frequency of flooding is considered as lost. In the autonomous 
migration scenario, the population living on the lost land is subject to (forced) migration. In the planned re-
location scenario, population migrated before the land is lost. Flood frequency is used to model the retreated 
area. Unprotected land the falls below the 1-in-10 year frequency of flooding is considered to be subject to 
planned retreat and the affected population migrates. Migrating population and associated assets are moved 
out of the coastal zone and not subject to further flooding.

3.  Results
3.1.  Global

From the point of view of CBA, coastal protection is found to be favored over retreat (including both, au-
tonomous migration and planned relocation) in all scenario combinations for 3.4% of the world's coastline 
(Table 1), corresponding to 25% of the global 1-in-100-year floodplain, 78% of global floodplain population, 
and 92% of the global floodplain assets in 2015. For the remaining 96.6% of the world's coastline, proceeding 
without protection and accepting the resulting land loss and coastal migration is the preferred option in at 
least one scenario combination.

Global land loss during 21st century adds up to 60,000 km2 to 415,000 km2 and the resulting migration to 
17–72 million people or 0.23%–0.97% of the global population in 2015 (Figure 1). While large uncertainty 
from socioeconomic scenarios and discount rates exists for forced migration, land loss depends only weakly 
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Percentage of 
scenarios with 
NPV > 0

Length 
of coast 

(km)

Length 
of coast 

(%)
Floodplain 
area (km2)

Floodplain 
area (%)

Floodplain 
population 

(mill.)

Floodplain 
population 

(%)

Floodplain 
assets (bill. 

US$)
Floodplain 
assets(%)

0% 618,000 89.4 440,000 63.5 5.6 3.7 156 1.1

1%–33% 19,600 2.8 29,800 4.3 5.4 3.6 108 0.8

34%–67% 14,300 2.1 26,100 3.8 6.5 4.3 214 1.4

67%–99% 15,900 2.3 26,600 3.8 15.1 10 629 4.4

100% 23,300 3.4 170,000 24.6 118.1 78.4 13,200 92.3

Note: All values refer to 2015.

Table 1 
Coast Length, Floodplain Area, Population and Assets in Different Classes of Percentage of Scenarios Where Protection 
has a Positive Net-Present value
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on these two dimensions of uncertainty (Figures 1 and S2), which reflects that most of the lost land is very 
sparsely populated. In fact, unpopulated land is also lost under the no retreat scenarios. Applying a linear 
regression on land loss and SLR values over all scenarios and all intermediate time steps we find the model

 
    

 

2
2 2( ) 251,543.8 ( ) 2959.7( )kmlandloss km sl change m km

m
� (1)

with r2 = 0.996 (see Figure S1) to predict 21st century global land loss based on global SLR under local 
cost-benefit optimal protection. The positive intersection value reflects that there is land below sea-level 
which would already be lost, if it would not be protected today.

Contrary to land loss, global 21st century coastal migration increases with SLR, but also with decreasing 
wealth. Higher wealth implies higher asset values associated with population. Thus migration cost gets 
higher with increasing wealth while protection cost remain constant, preferring protection over migration.

Further, higher discounting of future cost leads to lower coastal migration, especially in combination with 
the planned relocation scenario (Figure S2). As protection cost growth slowly with SLR (Figure S6) and ex-
pected annual damages growth faster with SLR (due to the depth-damage relation), avoided damages by any 
coastal protection growth faster than protection cost. Thus, higher discount rates lead to higher protection 
levels, more protected coastline and less coastal migration. Also, the cost of planned relocation is higher 
than the cost of autonomous migration (as more population and assets need to be migrated in the planned 
case) while expected annual damages are lower under planned relocation (as less population and assets 
remain in the coastal zone). As expected annual damages growth faster with SLR (due to the depth-damage 
relation) higher discount rates prefer planned relocation over autonomous migration.

3.2.  Country-Level

The 3.4% of coastline for which protection was found to be robust over all scenario combinations can be 
found mainly in Europe and in the highly developed Asian countries China and Japan, which is due to 
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Figure 1.  Global land loss and migration cumulative over the 21st century under different retreat assumptions and the 
five sea-level rise (SLR) scenarios used in this study. The bars show averages over all shared socioeconomic pathway 
(SSP) scenarios and discount rates, the error bars show the associated uncertainty range.
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their high level of coastal urbanization and the high existing protection standards (Figure 2). In addition, 
urbanized areas at the US coast and a few locations with high population densities, such as the Nile delta or 
the big cities in Australia, have robust results in favor of protection and hence do not suffer from land loss 
and migration.

The cumulative 21st century SLR induced land loss due to local retreat is highest for the big northern 
countries Canada, Russia, and the USA (Table 2). These countries have very long sparsely populated north-
ern coastlines, which are not protected under any scenario combination. Australia also loses a significant 
amount of land reflecting that the Australian coast outside of the urban agglomerations is very sparsely 
populated and will thus not be protected. The big land loss for these four countries does, however, not 
account for large migration. Instead, the cumulative 21st century migration due to the SLR induced land 
loss is highest for densely populated countries in South and South-east Asia (Tables 2 and S1). While in 
India and Vietnam the coastal mega cities like Mumbai, Chennai, Kolkata, Ho Chi Min City and the urban 
agglomeration in the north including Hanoi and Hai Phong are protected under any scenario combination, 
the rural area outside these urban centers is not protected under every scenario combination and accounts 
for significant migration.

For eight countries the entire coastline is protected under every scenario (Table S1). Most of these countries 
have short coastlines that are highly urbanized (i.e., Belgium, Gibraltar, Macau, and Monaco).

The highest relative effects (for both, land loss and migration) are obtained for Small Island States with large 
proportions of low-lying land (Table 3). Countries with low, mainly rural population concentrated at the 
coast, specifically Small Island Developing States such as the Pitcairn Islands, Marshall Islands, Kiribati, 
Tuvalu aud Nauru have the highest migration relative to the 2015 population (Table 3). The big differenc-
es in the uncertainty ranges for relative migration between countries reflect the robustness of protection 
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Figure 2.  Robust local protection and retreat responses due to sea-level rise (SLR). The color shows the percentage of scenarios in which protection has a 
positive net-present value (NPV) taking into account costs associated with both protection and retreat. Gray coastline indicates uninhabited parts of the coast 
that have a negative NPV of protection over all scenarios, but no migration. Countries are colored according to the percentage of coastline that is not protected 
over all scenarios. The lighter a country is colored, the more of its coastline is subject to retreat under every scenario.
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decisions. For some countries (i.e., Pitcairn Island) the protection deci-
sions are robust over all scenarios. Hence, the uncertainty range only rep-
resents the uncertainty of migration caused by socioeconomic develop-
ment and SLR. For other countries (i.e., Marshall Islands) the uncertainty 
range also includes the uncertainty over protection decisions. For small 
island states these decisions are often in the range from protect every-
where to protect nowhere, showing that these island states are also very 
sensitive to the choice of the discount rate.

3.3.  The Effect of Migration on Total Cost of Sea-Level Rise

Comparing the retreat scenarios with the no retreat scenario shows that 
considering the option of coastal retreat and migration within local deci-
sions can significantly reduce the total cost of 21st century SLR (sum of 
protection, maintenance, migration, and residual flood damage cost) as 
compared to only considering coastal protection as an option (Figure 3).

Taking the retreat option into account lowers the length of coast for 
which a robust protection result is obtained. This is because the NPV of 
protection can be bigger than the NPV of no protection without retreat 
but lower than the NPV of no protection with retreat. In the latter case, 
the migration of people and assets lowers the expected annual damages 
by floods. Globally, 112,000–117,000 km of coast inhabited by 14–24 mil-
lion people in 2015 are protected under every scenario if retreat is not 
an option but not protected under every scenario if retreat is taken into 
account (Table S3).

Both observations are based on the same effect. When considering 
protection as the only adaptation option (i.e., no retreat scenario), this 
population of 24 million people would be protected, because the flood 
damage cost is higher than the cost of protection. If the retreat option 
is introduced, however, flood damage costs are reduced through migra-
tion, which brings the sum of retreat and remaining flood damage below 
the cost of protection for the bespoke 24 million people. Consequently, 
the population that is protected under every scenario is lower if the re-
treat-option is available, which in turn reduces the discounted total cost 
of 21st century SLR to 28%–52% of the cost under the corresponding sce-
nario without migration (Figure 3).

Migration accounts for the highest share of total SLR cost under high SLR, while under low SLR, protection 
cost is the highest share (Figure 3). With migration taken into account, damage cost do not strongly de-
pend on SLR, but rather on socioeconomic development (Figure S5), because the latter process determines 
how many people will be living in the coastal floodplain and hence how many may migrate. In contrast, 
protection costs rise with rising sea-levels but are almost independent from socioeconomic development. 
Migration cost rise with both—SLR and socioeconomic growth (Figure S5).

3.4.  Sensitivity Analysis

Our assessment of coastal migration involves two major uncertain parameters that are difficult to empiri-
cally estimate. The first parameter is the per capita cost of migration. In our analysis, a per capita migration 
cost of three times the local GDP per capita was used, assuming that capital assets on the land lost need to 
be deconstructed and fully replaced (See Methods). Per capita cost in the few available numbers from case 
studies and economic models range between 1.2 and 9.5 (Table S4), whereby 9.5 is a bit of an outlier. These 
numbers are, however, difficult to compare due to different underlying assumptions and cost components. 
To explore the sensitivity of our results to these assumptions, the analysis was repeated with per capita mi-
gration cost of two and four which covers the core range of migration cost used in studies listed in Table S4.
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Land loss (km2)

Rank Country  Median Min-max range

1 Russia 28,600 13,600–56,600

2 Canada 23,400 8,000–43,900

3 USA 15,200 8,100–39,000

4 India 8,300 3,800–20,600

5 Brazil 7,200 2,500–25,700

6 Greenland 6,400 0–24,600

7 Australia 6,200 3,200–24,800

8 Viet Nam 4,900 200–16,200

9 Mexico 3,800 2,300–13,100

10 Indonesia 3,500 700–21,400

Migration (106 people)

1 Viet Nam 5.7 1.2–12.0

2 India 5.4 3.0–14.5

3 Indonesia 1.4 0.8–4.5

4 Bangladesh 1.2 0.2–8.0

5 Philippines 1.0 0.6–2.5

6 Brazil 0.9 0.5–1.8

7 Myanmar 0.9 0.4–3.0

8 China 0.8 0.2–3.3

9 South Korea 0.7 0.5–1.3

10 Japan 0.6 0.2–2.3

Note: The median column shows the median value over all scenarios, the 
min-max range column the minimum and maximum over all scenarios. 
Countries are selected and ordered according to the median value.

Table 2 
Cumulative Land Loss and Forced Migration During 21st Century for the 
Ten Most Affected countries
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The second parameter is the retreat threshold specifying the probability 
of flooding at which forced or managed retreat is carried out. In the lit-
erature, there is little information to base this threshold upon. While this 
uncertainty is partly included in our analysis by distinguishing between 
autonomous migration (below the 1-in-1 year water level) and planned 
relocation (below the 1-in-10 year water level), planned relocation could 
also be initiated earlier. To analyze how an even more proactive form of 
planned relocation would influence results, all simulations have been re-
peated with a retreat threshold of the 1-in-100 year water level.

The sensitivity of the results to changes in both parameters has been 
assessed using a one-driver-at-a-time (OAT) approach, varying only the 
parameter of interest while keeping all other parameters constant. Lower 
per capita migration cost clearly favors retreat over protection and thus 
leads to higher land loss and migration (Figure S7). Lowering per cap-
ita migration cost from 3 to 2 times GDP per capita, raises land loss by 
0.9%–7.9% (5th to 95th quantile: 1.4%–4.9%) across all scenarios and as-
sociated migration by 8.5%–34.9%. (5th to 95th quantile: 11.7%–27.2%). 
Consequently, raising per capita migration cost from 3 to 4 times GDP per 
capita, lowers land loss by up to 0.7%–4.1% (5th to 95th quantile: 0.9%–
2.9%) across all scenarios and associated migration by 5.4%–20.4% (5th to 
95th quantile: 7.5%–17.1%). Variations in the retreat threshold do not in-
fluence the results in such a clear direction (Figures S8). While increasing 
the planned relocation threshold from the 1-in-10 years flood level to the 
1-in-100 years flood level leads to up to 4.7% more cumulative global land 
loss (5th to 95th quantile: 0.3%–4.1%) across all scenarios, global coastal 
migration is altered by between −9.4% and +26.7% (5th to 95th quantile: 
−5.2%–23.1%).

4.  Discussion
Our results show that studies that do not take coastal protection into 
account overestimate land loss and the number of SLR migrants signif-
icantly. For example, without considering coastal protection Nicholls 
et al. (Nicholls et al., 2011) estimates that about 900 to 1,800 thousand 
km2 of land will be lost under 0.5–2.0 m of SLR, leading to 70–190 million 

people migrating from coastal areas during the 21st century. Under comparable SLR scenarios, our study 
finds that only about 60–420 thousand km2 land will be lost, leading to about 20–70 million migrants. Sim-
ilarly, the 13.1 million people estimated to migrate out of the coastal zone in the US, which was assessed 
without considering upgrades to coastal protection by (Hauer, 2017), is an order of magnitude higher than 
the estimates presented here (Table S2).

Comparing to local studies that have considered both protection and migration, we find similar ranges. 
Country-level projections for Bangladesh estimate coastal migration of 1.5–7.4 million people in the 21st 
century (Lázár et al., 2020), which is in line without estimate (0.2–8.0 million, see Table S1). The lower 
bound of Lazar et al. (2020) is higher than ours, because the authors also include socio-economic factors 
such as compromised quality of life (household can only afford to pay its food expenses and nothing else) 
and rice yield shortages in their migration-model. As these factors are can also occur in protected areas, 
there is migration also under their protection scenario.

One limitation of our approach is that we model flood risk at the level of whole probability distributions 
and hence cannot represent single extreme events. In practice, coastal migration is, however, often driven 
by large single events such as Hurricane Katrina (Hallegatte et al., 2013). Representing single events would 
require a different modeling approach requiring information on spatial and temporal autocorrelation of ex-
tremes as well as large numbers of model runs, both of which has so far not been practiced at broad scales. 
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Land loss (% of land area)

Rank Country  Median Min-max range

1 Marshall Islands 5.6 2.3–25.4

2 Kiribati 4.9 2.8–25.1

3 Bahamas 4.0 1.9–20.9

4 British Virgin Islands 3.4 0.9–10.3

5 Tuvalu 3.0 1.6–10.9

6 British Indian Ocean Territory 2.5 1.3–9.7

7 Gambia 2.1 0.9–10.2

8 French Polynesia 2.1 1.2–9.9

9 Saint Pierre and Miquelon 1.7 0.8–4.5

10 Cocos Islands 1.6 0.9–12.1

Migration (% of population)

1 Pitcairn Islands 86.4 86.3–89.3

2 Marshall Islands 70.7 11.4–86.8

3 Kiribati 59.3 56.1–62-6

4 Tuvalu 45.0 43.1–47.3

5 Nauru 36.1 35.9–37.3

6 Saint Pierre and Miquelon 34.6 4.7–37.1

7 Norfolk Island 28.6 28.6–29.2

8 Wallis and Futuna 27.7 0.0–86.6

9 Cook Islands 25.2 6.8–26.9

10 Cocos Islands 23.0 22.8–25.5

Table 3 
Relative Effect of 21st Century SLR on Land Loss and Migration for the 
Ten Countries With the Highest Relative Effect. All Values Refer to the 2015 
Values as Baseline. The Land Loss/Migration Column Shows the Median 
Value Over All Scenarios, the Range Column the Minimum and Maximum 
Over All Scenarios. Countries are Selected and Ordered According to the 
Median Value.
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The modeling of single events would also need to include decisions on recovery versus abondement, which 
is difficult to model. The former includes back-migration of population, as empirically observed after many 
extreme events (Cutter et al., 2014; DeWaard et al., 2015), the latter has for instance been observed after the 
2004 tsunami for several islands of the Maldives (UNEP, 2005). In any case, our autonomous migration sce-
nario can be seen as a lower bound of migration due to disasters, because by the time SLR leads to a person 
living below the threshold of the 1-in-1 year extreme event, the person would have probably been hit by an 
extreme event and migrated before.

Further limitations arise due to inaccuracy in the underlying global datasets, including the digital elevation 
data, population datasets, surge data, etc., which means that the absolute numbers are meant to be indica-
tive. However, our analysis over multiple SRL- and socio-economic scenarios shows that for a large share of 
the global coast (92.8%) there is a robust protection response in either direction (89.4% retreat and 3.4% pro-
tect). As the multiple SLR and socio-economic scenarios cover a wide range of possible futures with wide 
ranges of population and asset exposures, it is likely that locations with a robust protection response over all 
scenarios would have the same protection response when different data sets (for instance a different digital 
elevation model) would be used. Thus the insights on the share of coast that is protected or not protected 
under all scenarios is an important result, and also the share of coastal floodplain population and assets that 
would either be protected or not be protected under every future considered are important insights.

The results of this study show what the world would look like if all local decision-makers are only following 
cost benefit analysis. This does neither mean that we suggest that cost benefit analysis should necessarily 
be applied to informs decisions, nor that we see cost benefit analysis as an isolated dimension of coastal 
decision making. There are many other frameworks that can be applied for decision making and which 
framework to use is essentially a normative decision of coastal societies. While many of these frameworks 
comprise cost benefit analysis as one of many criteria, other dimensions such as location-specific social, 
ecological and cultural consequences should be considered in local coastal decision making. In some cases, 
the choice of options is limited, for example, small island nations with no significant elevated area (Mal-
dives, Kiribati) could not choose to migrate their population within the country even if this would be the 
outcome of an cost benefit analysis. The question of where the population from islands that cannot be 
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Figure 3.  Cumulative not discounted 21st century sea-level rise (SLR) cost and its components under the SLR and 
retreat scenarios used in this study compared to a no retreat scenario. The bars show the average of the components 
over all scenarios, while the error bar shows the minimum and maximum of the total cost over all scenarios.
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protected and are eventually abandoned is a key issue in the climate change debate (and beyond the scope 
of our analysis). There is also empirical evidence that in some cases people continue to live in places that 
are inundated regularly, for example in elevated homes (Esteban et al., 2020). In that sense, our threshold 
of the 1-in-1 frequency may locally be more aggressive than practice.

One advantage of modeling future adaptation pathways using CBA is that this method takes into account 
that protection levels rise with rising exposure and affluence of coastal societies, which is consistent with 
20th century observations (Hinkel et al., 2014). However, recent literature also points out that coastal pro-
tection and retreat may raise financing issues (Bisaro & Hinkel, 2018) and social conflicts that impede the 
implementation of coastal adaptation measures even if they are beneficial from an economic cost-benefit 
point of view (Bisaro & Hinkel, 2016; Hinkel et al., 2018). This points toward the need for future work in-
vestigating the link between costs and benefits of coastal adaptation on the one hand and financing instru-
ments that can be applied to mobilize resource for implementing adaptation on the other hand.

The results of this study strengthen the conclusion of IPCC SROCC that the world is likely to see bifurcating 
coastal futures. On the one hand, the grand majority of coastal inhabitants, which lives in densely populat-
ed and urban coastal areas, is likely to (continue to) protect themselves even under high-end SLR (Esteban 
et al., 2020). On the other hand, poorer rural areas will struggle to maintain safe human settlements and are 
likely to eventually retreat from the coast. For the latter areas it is important to manage retreat and migra-
tion in a way that ensures acceptance of affected communities. More proactive retreat approaches such as 
managed realignment (Turner et al., 2007) or setback zones (Rochette et al., 2010) could be a way to achieve 
acceptance and also may lower cost and impacts of SLR significantly. As migration cannot always be within 
country borders, international issues might arise.

5.  Conclusion
In this study, we provide the first extensive (multi-scenario) analysis of 21st century coastal migration that 
takes into account local coastal protection. We find that across five SLR, five socio-economic, five discount 
rates and two retreat scenarios local least cost-benefit decision leads to a robust response (meaning the same 
response over all scenarios) for 92.8% of the global coast. While for 3.4% of the coast this robust response 
is to protect the coastline, for 89.4% of the coast the robust response is to retreat. For the coast that is not 
protected 21st century land loss is projector to be 60,000 to 415,000 km2 with a resulting migration of 17–72 
million people.

Our study shows that even under low SLR there will probably be migration from coastal areas in this cen-
tury. As CBA will part of coastal protection decisions in one way or another, countries need to be prepare 
that not all coastal population can be protected and that migration will be one of the consequences for the 
population of unprotected coastal areas.

Future research should take into account more advanced methods for decision making. As CBA is often 
criticized, especially in environmental context, better decision models that include more location-specific 
social, ecological, and cultural dimensions are needed. Applying such models could show more alternative 
coastal futures.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
Data sets for this research are available in the repository https://github.com/daniellincke/DIVA\text{\_}
paper\text{\_}migration and under the Zenodo record 4459151 (DOI: 10.5281/zenodo.4459151).

LINCKE AND HINKEL

10.1029/2020EF001965

11 of 14

https://github.com/daniellincke/DIVA%5Ctext%7B%5C_%7Dpaper%5Ctext%7B%5C_%7Dmigration
https://github.com/daniellincke/DIVA%5Ctext%7B%5C_%7Dpaper%5Ctext%7B%5C_%7Dmigration
https://doi.org/10.5281/zenodo.4459151


Earth’s Future

References
Adger, W. N., Crépin, A.-S., Folke, C., Ospina, D., Chapin, F. S., Segerson, K., et al. (2020). Urbanization, migration, and adaptation to 

climate change. One Earth, 3(4), 396–399. https://doi.org/10.1016/j.oneear.2020.09.016
Adger, W. N., Pulhin, J. M., Barnett, J., Dabelko, G. D., Hovelsrud, G. K., Levy, M., et al. (2014). Human security. In Climate Change 2014: 

Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment 
Report of the Intergovernmental Panel of Climate Change. Cambridge University Press.

Aerts, J. C. J. H., & Botzen, W. J. W. (2012). Managing exposure to flooding in New York City. Nature Climate Change, 2(6), 377. https://
doi.org/10.1038/nclimate1487

Ajibade, I. (2019). Planned retreat in Global South megacities: Disentangling policy, practice, and environmental justice. Climatic Change, 
157(2), 299–317. https://doi.org/10.1007/s10584-019-02535-1

Arenstam Gibbons, S. J., & Nicholls, R. J. (2006). Island abandonment and sea-level rise: An historical analog from the Chesapeake Bay, 
USA. Global Environmental Change, 16(1), 40–47. https://doi.org/10.1016/j.gloenvcha.2005.10.002

Barkin, S. (1967). The economic costs and benefits and human gains and disadvantages of international migration. Journal of Human 
Resources, 2(4), 495–516. https://doi.org/10.2307/144768

Bisaro, A., & Hinkel, J. (2016). Governance of social dilemmas in climate change adaptation. Nature Climate Change, 6(4), 354–359. 
https://doi.org/10.1038/nclimate2936

Bisaro, A., & Hinkel, J. (2018). Mobilizing private finance for coastal adaptation: A literature review. WIREs Climate Change, 9(3), e514. 
https://doi.org/10.1002/wcc.514

Black, R., Bennett, S. R. G., Thomas, S. M., & Beddington, J. R. (2011). Migration as adaptation. Nature, 478(7370), 447–449. https://doi.
org/10.1038/478477a

Bodvarsson, Ö. B., & Van den Berg, H. (2013). The economics of immigration: Theory and policy Springer. https://doi.
org/10.1007/978-1-4614-2116-0

Cattaneo, C., Beine, M., Fröhlich, C. J., Kniveton, D., Martinez-Zarzoso, I., Mastrorillo, M., et al. (2019). Human migration in the era of 
climate change. Review of Environmental Economics and Policy, 13(2), 189–206. https://doi.org/10.1093/reep/rez008

Chambwera, M., Heal, G., Dubeux, C., Hallegatte, S., Leclerc, L., Markandya, A., et al. (2014). Economics of adaptation. In C. B. Field, V. 
R. Barros, D. J. Dokken, K. J. Mach, M. D. Mastrandrea, T. E. Bilir, et al. (Eds.), Climate Change 2014: Impacts, Adaptation, and Vulnera-
bility. Part A: Global and Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental Panel 
of Climate Change (p. 945–978) Cambridge University Press. https://doi.org/10.1017/CBO9781107415379.022

Cutter, S. L., Schumann, R. L., & Emrich, C. T. (2014). Exposure, social vulnerability and recovery disparities in New Jersey after Hurricane 
Sandy. Journal of Extreme Events, 01(01), 1450002. https://doi.org/10.1142/S234573761450002X

de Campos, R. S., Codjoe, S. N. A., Adger, W. N., Mortreux, C., Hazra, S., Siddiqui, T., et al. (2020). Where people live and move in deltas. 
In Nicholls, R., Adger, W., Hutton, C., & Hanson, S. (Eds.), Deltas in the Anthropocene (p. 153–177) Palgrave Macmillan. https://doi.
org/10.1007/978-3-030-23517-8_7

DeConto, R. M., & Pollard, D. (2016). Contribution of Antarctica to past and future sea-level rise. Nature, 531(7596), 591–597. https://doi.
org/10.1038/nature17145

Defra. (2011). Flood and coastal resilience partnership funding Department for Environment, Food and Rural Affairs. Retrieved from 
https://www.gov.uk/government/publications/flood-and-coastal-resilience-partnership-funding

Dennig, F. (2018). Climate change and the re-evaluation of cost-benefit analysis. Climatic Change, 151(1), 43–54. https://doi.org/10.1007/
s10584-017-2047-4

Desmet, K., Kopp, R., Kulp, S., Nagy, D. K., Oppenheimer, M., Rossi-Hansberg, E., & Strauss, B. (2018). Evaluating the economic cost of 
coastal flooding (Working Paper No. 24918). National Bureau of Economic Research. https://doi.org/10.3386/w24918

DeWaard, J., Curtis, K. J., & Fussell, E. (2015). Population recovery in New Orleans after Hurricane Katrina: Exploring the potential role of 
stage migration in migration systems. Population and Environment, 37(4), 449–463. https://doi.org/10.1007/s11111-015-0250-7

Diaz, D. B. (2016). Estimating global damages from sea level rise with the Coastal Impact and Adaptation Model (CIAM). Climatic Change, 
137(1–2), 143–156. https://doi.org/10.1007/s10584-016-1675-4

Ericson, J., Vörösmarty, C., Dingman, S., Ward, L., & Meybeck, M. (2006). Effective sea-level rise and deltas: Causes of change and human 
dimension implications. Global and Planetary Change, 50(1), 63–82. https://doi.org/10.1016/j.gloplacha.2005.07.004

Esteban, M., Takagi, H., Jamero, L., Chadwick, C., Avelino, J. E., Mikami, T., et al. (2020). Adaptation to sea level rise: Learning from 
present examples of land subsidence. Ocean & Coastal Management, 189, 104852. https://doi.org/10.1016/j.ocecoaman.2019.104852

European Parliament (2000). Directive 2000/60/EC of the European Parliament and of the Council of 23 October 2000 establishing a frame-
work for Community action in the field of water policy. European Parliament and the Council of the European Union. Retrieved from 
https://eur-lex.europa.eu/eli/dir/2000/60/oj

Fankhauser, S. (1995). Protection versus retreat: The economic costs of sea-level rise. Environment & Planning A: Economy and Space, 
27(2), 299–319. https://doi.org/10.1068/a270299

Findlay, A. M. (2011). Migrant destinations in an era of environmental change. Global Environmental Change, 21, S50–S58. https://doi.
org/10.1016/j.gloenvcha.2011.09.004

Gray, C. L., & Mueller, V. (2012). Natural disasters and population mobility in Bangladesh. Proceedings of the National Academy of Sciences, 
109(16), 6000–6005. https://doi.org/10.1073/pnas.1115944109

Hallegatte, S., Green, C., Nicholls, R. J., & Corfee-Morlot, J. (2013). Future flood losses in major coastal cities. Nature Climate Change, 3(9), 
802–806. https://doi.org/10.1038/nclimate1979

Hauer, M. E. (2017). Migration induced by sea-level rise could reshape the US population landscape. Nature Climate Change, 7(5), 321–325. 
https://doi.org/10.1038/nclimate3271

Hauer, M. E., Fussell, E., Mueller, V., Burkett, M., Call, M., Abel, K., et al. (2019). Sea-level rise and human migration. Nature Reviews Earth 
& Environment, 1, 28–39. https://doi.org/10.1038/s43017-019-0002-9

Hinkel, J., Aerts, J. C. J. H., Brown, S., Jiménez, J. A., Lincke, D., Nicholls, R. J., et al. (2018). The ability of societies to adapt to twen-
ty-first-century sea-level rise. Nature Climate Change, 8(7), 570–578. https://doi.org/10.1038/s41558-018-0176-z

Hinkel, J., Lincke, D., Vafeidis, A. T., Perrette, M., Nicholls, R. J., Tol, R. S. J., et al. (2014). Coastal flood damage and adaptation costs under 
21st century sea-level rise. Proceedings of the National Academy of Sciences of the United States of America, 111(9), 3292–3297. https://
doi.org/10.1073/pnas.1222469111

Hinkel, J., Nicholls, R. J., Tol, R. S. J., Wang, Z. B., Hamilton, J. M., Boot, G., et al. (2013). A global analysis of erosion of sandy beaches 
and sea-level rise: An application of DIVA. Global and Planetary Change, 111, 150–158. https://doi.org/10.1016/j.gloplacha.2013.09.002

LINCKE AND HINKEL

10.1029/2020EF001965

12 of 14

Acknowledgments
D. Lincke and J. Hinkel have received 
funding from the European Union's 
Seventh Programme for Research, Tech-
nological Development and Demonstra-
tion under Grant Agreement No 603396 
(RISES-AM project) and from European 
Union's Horizon 2020 research and 
innovation programme under grant 
agreement No 642018 (GREEN-WIN 
project), under grant agreement No 
776479 (COACCH project) and grant 
agreement No 869304 (PROTECT pro-
ject). The authors would like to thank 
the two anonymous reviewers who 
helped to greatly improved an earlier 
draft of this paper.

https://doi.org/10.1016/j.oneear.2020.09.016
https://doi.org/10.1038/nclimate1487
https://doi.org/10.1038/nclimate1487
https://doi.org/10.1007/s10584-019-02535-1
https://doi.org/10.1016/j.gloenvcha.2005.10.002
https://doi.org/10.2307/144768
https://doi.org/10.1038/nclimate2936
https://doi.org/10.1002/wcc.514
https://doi.org/10.1038/478477a
https://doi.org/10.1038/478477a
https://doi.org/10.1007/978-1-4614-2116-0
https://doi.org/10.1007/978-1-4614-2116-0
https://doi.org/10.1093/reep/rez008
https://doi.org/10.1017/CBO9781107415379.022
https://doi.org/10.1142/S234573761450002X
https://doi.org/10.1007/978-3-030-23517-8_7
https://doi.org/10.1007/978-3-030-23517-8_7
https://doi.org/10.1038/nature17145
https://doi.org/10.1038/nature17145
https://www.gov.uk/government/publications/flood-and-coastal-resilience-partnership-funding
https://doi.org/10.1007/s10584-017-2047-4
https://doi.org/10.1007/s10584-017-2047-4
https://doi.org/10.3386/w24918
https://doi.org/10.1007/s11111-015-0250-7
https://doi.org/10.1007/s10584-016-1675-4
https://doi.org/10.1016/j.gloplacha.2005.07.004
https://doi.org/10.1016/j.ocecoaman.2019.104852
https://eur-lex.europa.eu/eli/dir/2000/60/oj
https://doi.org/10.1068/a270299
https://doi.org/10.1016/j.gloenvcha.2011.09.004
https://doi.org/10.1016/j.gloenvcha.2011.09.004
https://doi.org/10.1073/pnas.1115944109
https://doi.org/10.1038/nclimate1979
https://doi.org/10.1038/nclimate3271
https://doi.org/10.1038/s43017-019-0002-9
https://doi.org/10.1038/s41558-018-0176-z
https://doi.org/10.1073/pnas.1222469111
https://doi.org/10.1073/pnas.1222469111
https://doi.org/10.1016/j.gloplacha.2013.09.002


Earth’s Future

Hino, M., Field, C. B., & Mach, K. J. (2017). Managed retreat as a response to natural hazard risk. Nature Climate Change, 7(5), 364–370. 
https://doi.org/10.1038/nclimate3252

IIASA. (2012). SSP Database Published: Retrieved from https://secure.iiasa.ac.at/web-apps/ene/SspDb
IPCC. (2018). Global Warming of 1.5°C—An IPCC special report on the impacts of global warming of 1.5°C above pre-industrial levels and 

related global greenhouse gas emission pathways, in the context of strengthening the global response to the threat of climate change, sustain-
able development, and efforts to eradicate poverty. The Intergovernmental Panel on Climate Change.

Jean, S., & Jimenez, M. (2007). The unemployment impact of immigration in OECD countries. OECD Economics Department Working 
Papers, (563). https://doi.org/10.1787/162425722235

Jevrejeva, S., Jackson, L. P., Riva, R. E. M., Grinsted, A., & Moore, J. C. (2016). Coastal sea level rise with warming above 2°C. Proceedings 
of the National Academy of Sciences of the United States of America, 113(47), 13342–13347. https://doi.org/10.1073/pnas.1605312113

Kunreuther, H., Gupta, S., Bosetti, V., Cooke, R., Dutt, V., Ha-Duong, M., et al. (2014). Integrated risk and uncertainty assessment of 
climate change response policies. In O. Edenhofer, R. Pichs-Madruga, Y. Sokona, E. Farahani, S. Kadner, K. Seyboth, (Eds.), Climate 
Change 2014: Mitigation of Climate Change. Contribution of Working Group III to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change. Cambridge University Press.

Lázár, A. N., Nicholls, R. J., Hall, J. W., Barbour, E. J., & Haque, A. (2020). Contrasting development trajectories for coastal Bangladesh to 
the end of century. Regional Environmental Change, 20(3), 93. https://doi.org/10.1007/s10113-020-01681-y

Lempert, R., Kalra, N., Peyraud, S., Mao, Z., Tan, S. B., Cira, D., & Lotsch, A. (2013). Ensuring robust flood risk management in Ho Chi Minh 
City The World Bank. https://doi.org/10.1596/1813-9450-6465

Lincke, D., & Hinkel, J. (2018). Economically robust protection against 21st century sea-level rise. Global Environmental Change, 51, 67–73. 
https://doi.org/10.1016/j.gloenvcha.2018.05.003

Lumbroso, D. M., & Vinet, F. (2011). A comparison of the causes, effects and aftermaths of the coastal flooding of England in 1953 and 
France in 2010. Natural Hazards and Earth System Sciences, 11(8), 2321–2333. https://doi.org/10.5194/nhess-11-2321-2011

Markanday, A., Galarraga, I., & Markandya, A. (2019). A critical review of cost-benefit analysis for climate change adaptation in cities. 
Climate Change Economics, 10(4), 1950014. https://doi.org/10.1142/S2010007819500143

Martin, M., Billah, M., Siddiqui, T., Abrar, C., Black, R., & Kniveton, D. (2014). Climate-related migration in rural Bangladesh: A behav-
ioural model. Population and Environment, 36(1), 85–110. https://doi.org/10.1007/s11111-014-0207-2

McNamara, K. E., & Des Combes, H. J. (2015). Planning for community relocations due to climate change in Fiji. International Journal of 
Disaster Risk Science, 6(3), 315–319. https://doi.org/10.1007/s13753-015-0065-2

Menéndez, M., & Woodworth, P. L. (2011). Changes in extreme high water levels based on a quasi-global tide-gauge data set. Journal of 
Geophysical Research, 115(C10), 2156–2202. https://doi.org/10.1029/2009JC005997

Milliman, J. D., Broadus, J. M., & Gable, F. (1989). Environmental and economic implications of rising sea level and subsiding deltas: The 
Nile and Bengal examples. Ambio, 18(6), 340–345

Millock, K. (2015). Migration and environment. Annual Review of Resource Economics, 7(1), 35–60. https://doi.org/10.1146/
annurev-resource-100814-125031

Muis, S., Verlaan, M., Winsemius, H. C., Aerts, J. C. J. H., & Ward, P. J. (2016). A global reanalysis of storm surges and extreme sea levels. 
Nature Communications, 7, 11969. https://doi.org/10.1038/ncomms11969

Myers, N. (1993). Environmental refugees in a globally warmed world. BioScience, 43(11), 752–761. https://doi.org/10.2307/1312319
Myers, N. (2002). Environmental refugees: A growing phenomenon of the 21st century. Philosophical Transactions of the Royal Society of 

London: B, 357(1420), 609–613. https://doi.org/10.1098/rstb.2001.0953
Nerem, R. S., Beckley, B. D., Fasullo, J. T., Hamlington, B. D., Masters, D., & Mitchum, G. T. (2018). Climate-change-driven accelerated 

sea-level rise detected in the altimeter era. Proceedings of the National Academy of Sciences of the United States of America, 115(9), 
2022–2025. https://doi.org/10.1073/pnas.1717312115

Nicholls, R., & Leatherman, S. (1995). The implications of accelerated sea-level rise for developing countries: A discussion. Journal of 
Coastal Research, 14, 303–323

Nicholls, R. J., Marinova, N., Lowe, J. A., Brown, S., Vellinga, P., de Gusmão, D., et al. (2011). Sea-level rise and its possible impacts given 
a 'beyond 4°C world' in the twenty-first century. Philosophical Transactions of the Royal Society A, 369(1934), 161–181. https://doi.
org/10.1098/rsta.2010.0291

Nicholls, R. J., Tol, R. S. J., & Vafeidis, A. T. (2008). Global estimates of the impact of a collapse of the West Antarctic ice sheet: An appli-
cation of FUND. Climatic Change, 91(1), 171–191. https://doi.org/10.1007/s10584-008-9424-y

OECD. (2013). The fiscal impact of immigration in OECD countries OECD, https://doi.org/10.1787/migr\text{\_}outlook-2013-6-en
O'Neill, B. C., Kriegler, E., Riahi, K., Ebi, K. L., Hallegatte, S., Carter, T. R., et al. (2014). A new scenario framework for climate change 

research: The concept of shared socioeconomic pathways. Climatic Change, 122(3), 387–400. https://doi.org/10.1007/s10584-013-0905-2
Oppenheimer, M., & Glavovic, B. C. (2019). Chapter 4: Sea level rise and implications for low lying islands, coasts and communities. In The 

ocean and cryosphere in a changing climate IPCC
Pachauri, R. K., Allen, M. R., Barros, V. R., Broome, J., Cramer, W., Christ, R., et al. (2014). Climate Change 2014: Synthesis Report. Contri-

bution of Working Groups I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change IPCC
Peltier, W. R. (2004). Global glacial isostasy and the surface of the ice-age Earth: The ICE-5G (VM2) Model and GRACE. Annual Review of 

Earth and Planetary Sciences, 32(1), 111–149. https://doi.org/10.1146/annurev.earth.32.082503.144359
Regeneris Consulting. (2011). Coastal pathfinder evaluation: An assessment of the five largest pathfinder projects(Technical Report). Depart-

ment for Environment Food and Rural Affairs. Retrieved from https://assets.publishing.service.gov.uk/government/uploads/system/
uploads/attachment\text{\_}data/file/69509/pb13721-coastal-pathfinder-evaluation.pdf

Republic of Maldives president's office. (2018). Strategic Action Plan 2019–2023. Maldives Retrieved from https://storage.googleapis.com/
presidency.gov.mv/Documents/SAP2019-2023.pdf

Rigaud, K. K., de Sherbinin, A., Jones, B., Bergmann, J., Clement, V., Ober, K., et al. (2018). Groundswell: Preparing for Internal Climate 
Migration(Technical Report). World Bank. https://doi.org/10.1596/29461

Rochette, J., du Puy-Montbrun, G., & Billé, R. (2010). Coastal setback zones in the Mediterranean: A study on Article 8–2 of the Medi-
terranean ICZM Protocol (Technical Report). IDDRI Retrieved from https://www.iddri.org/sites/default/files/import/publications/an\
text{\_}1005\text{\_}article-8-2-iczm-protocol.pdf

Sadoff, C., Hall, J., Grey, D., Aerts, J. C. J. H., Ait-Kadi, M., Brown, C., et al. (2015). Securing Water, Sustaining Growth: Report of the GWP/
OECD Task Force on Water Security and Sustainable Growth. University of Oxford.

Schneider, S. H., & Chen, R. S. (1980). Carbon dioxide warming and coastline flooding: Physical factors and climatic impact. Annual Re-
view of Energy, 5(1), 107–140. https://doi.org/10.1146/annurev.eg.05.110180.000543

LINCKE AND HINKEL

10.1029/2020EF001965

13 of 14

https://doi.org/10.1038/nclimate3252
https://secure.iiasa.ac.at/web-apps/ene/SspDb
https://doi.org/10.1787/162425722235
https://doi.org/10.1073/pnas.1605312113
https://doi.org/10.1007/s10113-020-01681-y
https://doi.org/10.1596/1813-9450-6465
https://doi.org/10.1016/j.gloenvcha.2018.05.003
https://doi.org/10.5194/nhess-11-2321-2011
https://doi.org/10.1142/S2010007819500143
https://doi.org/10.1007/s11111-014-0207-2
https://doi.org/10.1007/s13753-015-0065-2
https://doi.org/10.1029/2009JC005997
https://doi.org/10.1146/annurev-resource-100814-125031
https://doi.org/10.1146/annurev-resource-100814-125031
https://doi.org/10.1038/ncomms11969
https://doi.org/10.2307/1312319
https://doi.org/10.1098/rstb.2001.0953
https://doi.org/10.1073/pnas.1717312115
https://doi.org/10.1098/rsta.2010.0291
https://doi.org/10.1098/rsta.2010.0291
https://doi.org/10.1007/s10584-008-9424-y
https://doi.org/10.1787/migr%5Ctext%7B%5C_%7Doutlook-2013-6-en
https://doi.org/10.1007/s10584-013-0905-2
https://doi.org/10.1146/annurev.earth.32.082503.144359
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment%5Ctext%7B%5C_%7Ddata/file/69509/pb13721-coastal-pathfinder-evaluation.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment%5Ctext%7B%5C_%7Ddata/file/69509/pb13721-coastal-pathfinder-evaluation.pdf
https://storage.googleapis.com/presidency.gov.mv/Documents/SAP2019-2023.pdf
https://storage.googleapis.com/presidency.gov.mv/Documents/SAP2019-2023.pdf
https://doi.org/10.1596/29461
https://www.iddri.org/sites/default/files/import/publications/an%5Ctext%7B%5C_%7D1005%5Ctext%7B%5C_%7Darticle-8-2-iczm-protocol.pdf
https://www.iddri.org/sites/default/files/import/publications/an%5Ctext%7B%5C_%7D1005%5Ctext%7B%5C_%7Darticle-8-2-iczm-protocol.pdf
https://doi.org/10.1146/annurev.eg.05.110180.000543


Earth’s Future

Speelman, L. H., Nicholls, R. J., & Dyke, J. (2017). Contemporary migration intentions in the Maldives: The role of environmental and 
other factors. Sustainability Science, 12(3), 433–451. https://doi.org/10.1007/s11625-016-0410-4

State of Louisiana. (2015). National disaster resilience competition, Phase II application (Technical Report). Louisiana. Retrieved from 
https://www.doa.la.gov/OCDDRU/NDRC/NDRC\text{\_}PII\text{\_}Final\text{\_}ExImg.pdf

Tiggeloven, T., de Moel, H., Winsemius, H. C., Eilander, D., Erkens, G., Gebremedhin, E., et al. (2020). Global-scale benefit-cost analysis 
of coastal flood adaptation to different flood risk drivers using structural measures. Natural Hazards and Earth System Sciences, 20(4), 
1025–1044. https://doi.org/10.5194/nhess-20-1025-2020

Tol, R. (1995). The damage costs of climate change toward more comprehensive calculations. Environmental and Resource Economics, 5(4), 
353–374. https://doi.org/10.1007/BF00691574

Tol, R. S. J. (2002). Estimates of the damage costs of climate change. Part 1: Benchmark estimates. Environmental and Resource Economics, 
21(1), 47–73. https://doi.org/10.1023/A:1014500930521

Tol, R. S. J. (2007). The double trade-off between adaptation and mitigation for sea level rise: An application of FUND. Mitigation and 
Adaptation Strategies for Global Change, 12(5), 741–753. https://doi.org/10.1007/s11027-007-9097-2

Tol, R. S. J., Nicholls, R. J., Brown, S., Hinkel, J., Vafeidis, A. T., Spencer, T., & Schuerch, M. (2016). Comment on 'The Global Impacts of 
Extreme Sea-Level Rise: A Comprehensive Economic Assessment'. Environmental and Resource Economics, 64(2), 341–344. https://doi.
org/10.1007/s10640-015-9993-y

Turner, R. K., Burgess, D., Hadley, D., Coombes, E., & Jackson, N. (2007). A cost-benefit appraisal of coastal managed realignment policy. 
Global Environmental Change, 17(3), 397–407. https://doi.org/10.1016/j.gloenvcha.2007.05.006

UNEP. (2005). Maldives post-tsunami environmental assessment (Technical Report) United Nations Environment Programme. Retrieved 
from https://www.unep.org/resources/report/maldives-post-tsunami-environmental-assessment

Vafeidis, A. T., Nicholls, R. J., McFadden, L., Tol, R. S. J., Hinkel, J., Spencer, T., et al. (2008). A new global coastal database for impact and 
vulnerability analysis to sea-level rise. Journal of Coastal Research, 244(4), 917–924. https://doi.org/10.2112/06-0725.1

Van der Most, H., Slootjes, N., & Schasfoort, F. (2014). Nieuwe normering van waterveiligheid Deltares. Retrieved from https://www.stowa.
nl/deltafacts/waterveiligheid/beoordelen-waterkeringen/nieuwe-normering-van-waterveiligheid

Weisbach, D. A., & Sunstein, C. R. (2008). Climate change and discounting the future: A guide for the perplexed (SSRN Scholarly Paper No. 
ID 1223448). Social Science Research Network.

Weitzman, M. L. (2007). A Review of the stern review on the economics of climate change. Journal of Economic Literature, 45(3), 703–724. 
https://doi.org/10.1257/jel.45.3.703

Yohe, G., & Tol, R. S. J. (2002). Indicators for social and economic coping capacity-moving toward a working definition of adaptive capacity. 
Global Environmental Change, 12(1), 25–40. https://doi.org/10.1016/S0959-3780(01)00026-7

LINCKE AND HINKEL

10.1029/2020EF001965

14 of 14

https://doi.org/10.1007/s11625-016-0410-4
https://www.doa.la.gov/OCDDRU/NDRC/NDRC%5Ctext%7B%5C_%7DPII%5Ctext%7B%5C_%7DFinal%5Ctext%7B%5C_%7DExImg.pdf
https://doi.org/10.5194/nhess-20-1025-2020
https://doi.org/10.1007/BF00691574
https://doi.org/10.1023/A:1014500930521
https://doi.org/10.1007/s11027-007-9097-2
https://doi.org/10.1007/s10640-015-9993-y
https://doi.org/10.1007/s10640-015-9993-y
https://doi.org/10.1016/j.gloenvcha.2007.05.006
https://www.unep.org/resources/report/maldives-post-tsunami-environmental-assessment
https://doi.org/10.2112/06-0725.1
https://www.stowa.nl/deltafacts/waterveiligheid/beoordelen-waterkeringen/nieuwe-normering-van-waterveiligheid
https://www.stowa.nl/deltafacts/waterveiligheid/beoordelen-waterkeringen/nieuwe-normering-van-waterveiligheid
https://doi.org/10.1257/jel.45.3.703
https://doi.org/10.1016/S0959-3780(01)00026-7

	Coastal Migration due to 21st Century Sea-Level Rise
	Abstract
	Plain Language Summary
	1. Introduction
	2. Methods
	2.1. Protection, Retreat, and Migration
	2.2. Migration Cost
	2.3. Flood Damages
	2.4. Scenarios

	3. Results
	3.1. Global
	3.2. Country-Level
	3.3. The Effect of Migration on Total Cost of Sea-Level Rise
	3.4. Sensitivity Analysis

	4. Discussion
	5. Conclusion
	Conflict of Interest
	Data Availability Statement
	References


