
TOPICAL REVIEW • OPEN ACCESS

A review of estimating population exposure to sea-level rise and the
relevance for migration
To cite this article: Celia McMichael et al 2020 Environ. Res. Lett. 15 123005

 

View the article online for updates and enhancements.

This content was downloaded from IP address 158.37.240.224 on 10/12/2020 at 09:46

https://doi.org/10.1088/1748-9326/abb398
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjssmFXJiTx0w2GLIz59iAykfY978WqsQudWL6tpdqxzlMxwRLvqpLPBIO03JDkYqdDvbEGmuAFqiVS8MIZXedXZ-_gLW-Lvr6lz9uMZRqCguBcX0RbequPctPbAHTCzaIJA5IjpZjdcc7JjO5yLDHoVgvHaZhQovRCiSEIlfg6g9_6ivXmB7adTeK0D8_D2AUElh9keALI1W3ui_8NcDsb8aYjg7E7o-Kjench2RoP8291CodAW3&sig=Cg0ArKJSzJwxw812xnuP&adurl=https://iopscience.iop.org/journal/2634-4505%3Futm_source%3Diopscience%26utm_medium%3Dreferral%26utm_campaign%3D19843%26utm_content%3DERIS_PWSpons


Environ. Res. Lett. 15 (2020) 123005 https://doi.org/10.1088/1748-9326/abb398

Environmental Research Letters

OPEN ACCESS

RECEIVED

27 June 2020

REVISED

25 August 2020

ACCEPTED FOR PUBLICATION

28 August 2020

PUBLISHED

27 November 2020

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOI.

TOPICAL REVIEW

A review of estimating population exposure to sea-level rise and
the relevance for migration
Celia McMichael1, Shouro Dasgupta2, Sonja Ayeb-Karlsson3,4 and Ilan Kelman5,6

1 University of Melbourne, Australia
2 Fondazione CMCC and Universit̀a Ca’ Foscari Venezia, Italy
3 University of Sussex, United Kingdom
4 United Nations University – Institute for Environment and Human Security (UNU-EHS), Germany
5 Corresponding author: University College London (UCL), United Kingdom
6 University of Agder, Norway

E-mail: ilan_kelman@hotmail.com

Keywords: adaptation, climate change, floods, migration, sea-level rise

Abstract
This review analyses global or near-global estimates of population exposure to sea-level rise (SLR)
and related hazards, followed by critically examining subsequent estimates of population migration
due to this exposure. Our review identified 33 publications that provide global or near-global
estimates of population exposure to SLR and associated hazards. They fall into three main
categories of exposure, based on definitions in the publications: (i) the population impacted by
specified levels of SLR; (ii) the number of people living in floodplains that are subject to coastal
flood events with a specific return period; and (iii) the population living in low-elevation coastal
zones. Twenty of these 33 publications discuss connections between population migration and
SLR. In our analysis of the exposure and migration data, we consider datasets, analytical methods,
and the challenges of estimating exposure to SLR followed by potential human migration. We
underscore the complex connections among SLR, exposure to its impacts, and migration. Human
mobility to and from coastal areas is shaped by diverse socioeconomic, demographic, institutional,
and political factors; there may be ‘trapped’ populations as well as those who prefer not to move for
social, cultural, and political reasons; and migration can be delayed or forestalled through other
adaptive measures. While global estimates of exposed and potentially migrating populations
highlight the significant threats of SLR for populations living in low-lying areas at or near
coastlines, further research is needed to understand the interactions among localised SLR and
related hazards, social and political contexts, adaptation possibilities, and potential migration and
(im)mobility decision-making.

1. Introduction: why concerns about
population exposure to sea-level rise?

Between 1902 and 2015, global mean sea-level rise
(GMSLR) was 0.12–0.21 m according to the Inter-
governmental Panel on Climate Change (IPCC 2019,
p 334). Relative to 1986–2005, additional sea-level
rise (SLR) of 0.43–0.84 m is projected by 2100 (0.29–
1.10 m, likely range) (IPCC 2019, p 324), although
it depends particularly on the rate of Greenland
and Antarctic ice sheet melting and so it could
be much higher (Thomas and Lin 2020). At the
moment, climate change causes SLR predominantly
through sea water expanding as it absorbs heat from

the atmosphere (thermal expansion) and melting of
land-based snow and ice (such as from glaciers). SLR
interacts with other climatic factors, such as intensi-
fying storms and wave action with consequences
already observed including infrastructure damage,
coastal erosion, salination of freshwater, and land
habitat loss (IPCC 2018, 2019). Future SLR is projec-
ted to affect humanhealth andwellbeing, cultural and
natural heritage, freshwater, biodiversity, agriculture,
and fisheries (WHO 2018, IPCC 2018, NRC 2019).

Consequently, various attempts have been made
at the global scale to assess populations exposed to
SLR (Muis et al 2017). While these assessments use
different definitions, approaches and scenarios, they
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seek to estimate the number of people who might
be directly affected by SLR and related impacts,
which defines ‘exposure’. The studies variously com-
bine datasets on SLR, subsidence, coastal extreme
weather, land elevation, population distribution,
land-surface characteristics, adaptation options,
and socio-economic change scenarios. One of the
first global vulnerability assessments estimated that
200–250 million people per year (in 1990) were
exposed to coastal flooding, defined as living below
the 1-in-1000-year extreme sea level, and hence 1 m
of GMSLRwould increase exposure by 50% assuming
no other changes (Hoozemans et al 1993). Recently,
IPCC (2019) estimated that 680 million people cur-
rently live in the low-lying coastal zone and projected
this number to reach more than one billion by 2050.

Despite the possibility for various forms of
adaptation to SLR, with many people and popula-
tions already planning for adaptation in situ (e.g.
Yamamoto and Esteban 2014), human mobility has
been widely positioned as a deterministic certainty
whereby climatic and environmental hazards such as
SLR force people away from their coastal homes (c.f.
Myers 2001). For example, Strauss et al (2015) state
that future carbon emissions ‘will determine which
areas we can continue to occupy or may have to aban-
don’ (Strauss et al 2015, p 13 508). The first IPCC
assessment report (IPCC 1990) estimated that half
a million people in archipelago and island countries
might live in sites that were at risk of submergence
or loss of land by 2100, contributing to increased
numbers of so-called ‘climate refugees’ (Dronkers et al
1990, but see also Lewis 1990a &, 1990b). More
recently, Nicholls et al (2011) estimated that if 2 m
of GMSLR is realised by 2100, a risk of ‘forced dis-
placement’ exists of up to 187 million people. Stud-
ies draw on estimates of exposure to SLR and other
related hazards (e.g. living in a 1-in-100-year flood
plain) as proxy indicators for population migration
and relocation. In some sites, specifically low-lying
coral atoll nations, population displacement is stated
as being likely as even modest SLR is assumed to
disrupt livelihoods and render land uninhabitable
(Mcleman 2018).

Studies that estimate and forecast global and near-
global exposure to, or presumed migration due to,
SLR make choices about parameters, such as level of
GMSLR, return periods of flooding, and time hori-
zons. They rely on global datasets and draw conclu-
sions on a global scale. While they provide important
estimates of the scale of potential exposure, there are
implicit assumptions that global trends are of primary
significance for understanding the situation facing
people and for planning for adaptation, so that the
specificities of local sociocultural and environmental
contexts are often obscured. Indeed, many analyses
end at the point where local knock-on impacts and
decision-making begin, irrespective of global trends.
For example, the geographic distribution of coastal

flooding is mapped against gridded global data sets,
but the impact of this flooding on freshwater sup-
plies for particular coastal sites is not clear and can
sometimes be countered by local measures (Yang
et al 2019).

To indicate the advantages and limitations of the
studies available, and to better direct future work in
this area, this paper reviews and discusses datasets
and analytical methods for estimating global or near-
global population exposure to SLR, with a specific
focus on suggestions about SLR-related population
mobility attributed to SLR and associated impacts.

2. Method

Three databases—Web of Science, Scopus, and
Google Scholar—were searched for publications pub-
lished up until April 2020 that provide quantitative
estimates of population exposure to SLR and asso-
ciated hazards. The full-text search string used was
English only: population∗ AND coast∗ AND flood∗

AND ‘sea level∗’ AND (global OR international∗ OR
worldwide) AND (model∗ OR indic∗) followed by
snowball sampling of citations in publications found.
The selected publications were restricted to those
published in English and with a focus on global or
near-global estimates. Publications with a regional or
smaller-scale focus (c.f. Ericson et al 2006, Dasgupta
et al 2009, 2011, Hinkel et al 2011, Anderson et al
2018, Taherkhani et al 2020) were therefore excluded.
Provided that the publication appeared in the data-
base search or through the snowballing, it was con-
sidered irrespective of being peer-reviewed or not,
but wider searches were not conducted to capture all
the grey literature on that rationale that the wider
material had not necessarily been validated through
scientific investigation. No time limit was placed on
the searches, but the selected publications range from
1993 to 2019. From the results, manual screening was
completed based on the authors’ expertise to seek
comparability among the studies while being strict
about the scoping of and definitions used by this
review.

Thirty-three publications met the inclusion cri-
teria: 30 peer reviewed journal articles, 1 book, 1
working paper and 1 report (table 1). The final
study selection of 33 publications resulted in 11 pub-
lications estimating population exposure to specific
levels of GMSLR, 13 publications estimating popula-
tions living in coastal floodplains, and 12 publications
estimating populations living in LECZor near-coastal
zones. These publications were analysed by extract-
ing the key information shown in the columns of
table 1 permitting a synthesis of what is known about
this review’s research topic of estimating population
exposure to SLR and the relevance for migration. To
fulfil this review’s mandate, the columns in table 1
focus on the publications’ aims, sources of inform-
ation (data sets) and analysis methods, time frames
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considered for forecasts, scenarios and numbers for
population exposure, any assumptions or implica-
tions related to migration, and the data or analysis
challenges mentioned, thereby also permitting dis-
cussion in the next sections of this review regarding
what is not mentioned in these publications.

3. Results: scenarios and numbers for
population exposure

3.1. Overview
Global and near-global estimates of exposure to
SLR and associated hazards variously take into
account different emission and socioeconomic scen-
arios, focus on different timeframes and geographic
scales, and employ different datasets and methods
of estimating land area and population distributions
in coastal zones, from simple inundation models to
more complex vulnerability assessments (Lichter et al
2011). Shown in table 1, the publications found for
this review focus on three categories of exposure,
reviewed in three subsections below, based on defini-
tions in the publications: (i) the population impacted
by specified levels of SLR; (ii) the number of people
living in floodplains that are subject to coastal flood
events with a specific return period; and (iii) the pop-
ulation living in LECZs defined as the contiguous and
hydrologically connected zone of land along the coast
and below 10 m of elevation (Mcgranahan et al 2007)
or in the ‘near coastal’ zone (i.e. within 100 km of a
coast).

The most conservative definition of populations
exposed to SLR identifies those living below the
future projected sea level with potential for perman-
ent inundation. Residence in the projected flood-
plain demarcates exposure to SLR-related impacts,
but not necessarily permanent inundation. Residence
in a LECZ is the broadest definition of exposure
to SLR. These three exposure categories are related,
can be expressed differently among publications (see
table 1), can have ambiguities in their delineation,
and are sometimes combined in different ways for
estimates and models. For example, DIVA (Dynamic
Interactive Vulnerability Assessment) is an integrated
research model of coastal systems that assesses cli-
matic and socioeconomic scenarios and considers
diverse processes such as SLR, coastal erosion, coastal
flooding (including rivers), wetland change, and
salinity intrusion into deltas and estuaries (Mcleod
et al 2010).

3.2. Population impacted by specified levels of SLR
Eleven publications provide global estimates of the
land area and number of people exposed to specific
levels of SLR at different timescales (table 1). For
example, Li et al (2009) estimate that based on current
population distributions, 1 m of SLR would expose
108 million people to potential inundation and up to
431 million people at the 6 m increment. Marzeion

and Levermann (2014) assume 2.3 m of GMSLR per
degree of global mean temperature increase; they find
that between 2.2% and 10.5% of the world’s popula-
tion would be directly exposed to SLR for 1 ◦C and
5 ◦Cof temperature increase, respectively. Hinkel et al
(2014) estimate that 1.2 m of SLR by 2100 would
threaten up to 649million people (4.6%of theworld’s
population) assuming a global population of 14.1 bil-
lion. Brown et al (2018) consider climate scenarios of
1.5 ◦C and 2.0 ◦C of warming which correlate to dif-
ferent levels of SLR and then estimate the number of
people directly exposed to SLR, assuming no adapta-
tion, in the years 2050, 2100, and 2300.

Estimates of the impact of SLR are generally lim-
ited to the 21st century (Nicholls et al 1999, Nicholls
2004, Pardaens et al 2011, Hinkel et al 2014), perhaps
due to the time horizon of socioeconomic develop-
ment and planning and the neatness of 2100 as an
event horizon (Marzeion and Levermann 2014). But
given current emission trajectories, SLR will continue
over several centuries (Nicholls and Cazenave 2010,
Clark et al 2016, Le Cozannet et al 2018). Brown et al
(2018) produce estimates to the year 2300, and project
that the proportion of global population exposed to
SLR in 2300 is 1.5% for an aggressivemitigation scen-
ario and 5.4% for a non-mitigation scenario (assum-
ing no population growth after 2100).

In each of these publications, the primary point of
reference, or ‘independent variable’, is GMSLR. How-
ever, estimates are difficult to compare as they focus
on different time scales, use different GMSLR values
linked to different climate scenarios, and make dif-
fering assumptions about population size and distri-
bution. Nonetheless, they convey the scenarios and
numbers of people living in places that would be
below global mean sea level and permanently inund-
ated, if no other adaptation responses are implemen-
ted (which is a big assumption).

3.3. Population living in coastal floodplains
Thirteen publications focus on global coastal flood-
plains based on SLR with particular return periods
under present and future scenarios (table 1). Return
periods for heights are available via the Global Tides
and Surge Reanalysis (GTSR) dataset which provides
data on storm surges and extreme sea-levels for the
entire world’s coastline and provides estimates of
extreme sea levels with a 1-in-100-year return period
(seeMuis et al 2016). Brown et al’s (2018) estimates to
the year 2300 (section 3.2) apply to the coastal flood-
plain as well. Neumann et al (2015) estimate the num-
ber of people living in the 1-in-100-year coastal flood-
plain at three points in time: 189 million people in
2000, between 283–286 million people in 2030, and
between 316–411 million people in 2060.

While these analyses of exposure to coastal floods
can inform adaptation planning and policymaking,
they are constrained by methodological limitations,
computational restrictions, and lack of consistent

3
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datasets (M I et al 2018. Many studies use the simple
‘bathtub method’ to estimate global impacts of SLR
and associated coastal flooding (Lichter et al 2011,
Hinkel et al 2014) in which a pre-determined flood
surface is projected onto a digital elevation model
(DEM). Yet some studies suggest a pronounced
reduction in coastal flood exposure when estimates
account for hydrodynamic processes, namely water
level attenuation in coastal flood plains due to veget-
ated surfaces, or the role that wetlands play in offset-
ting SLR through soil building (Mcleod et al 2010,
Vafeidis et al 2019). Conversely, other local-level
studies that combine SLR estimates with wave and
erosion models, find there is considerably more land
at exposed to flooding or erosion due to SLR than is
shown by simple passive flood mapping (Anderson
et al 2018).

Furthermore, while the concept of return
periods—e.g. a 1-in-100-year flood event—is widely
used in estimating land area and population expos-
ure to coastal floods, this assumes an unchanging
or ‘stationary’ climate in the past and in the future.
Given climate change, this is no longer an appropriate
way in which to convey coastal flood risk, with SLR
and shifts in the frequency and intensity of storms
influencing the return periods (Gilleland et al 2017).
Finally, maximum flood height is only one parameter
characterising the potential hazard, as adaptation
measures, duration of flooding, and contaminants
are also key hazard dimensions. Nonetheless, these
estimates highlight that continued climate change is
projected to lead to greater exposure of populations to
coastal flooding and related impacts such as erosion
and saltwater intrusion.

3.4. Population living in low-elevation coastal
zones (LECZs)
Twelve publications provide global estimates of the
number of people living in LECZs, as an indicator of
exposure to SLR and coastal flooding (table 1). Many
large cities (e.g. Shanghai, Kolkata, Jakarta, London,
and New York City) are situated at least partially
within LECZs. Mcgranahan et al (2007) find that 618
million people were living in LECZs in 2000, while
Lichter et al (2011) estimate that the population liv-
ing in LECZs ranges from 557.1 million to 709.1 mil-
lion. Variations in estimates are determined largely by
dataset choice. Studies have also projected future pop-
ulation numbers living in LECZs. They find that by
2100, LECZs population could be as low as 492.7 mil-
lion in a world of increasing socioeconomic inequal-
ity with low-income growth (Jones and O’Neill 2016)
and as high as 1.2 billion in the highest economic
growth scenarios (Jones and O’Neill 2016, Merkens
et al 2016). Other studies have estimated that, with
high population growth, as many as 1.4 billion people
could inhabit LECZs by as early as 2060 (Mcgranahan
et al 2007, Vafeidis et al 2011, Neumann et al 2015).

While Mcgranahan et al (2007) state that LECZs
are a defensible measure of exposure to SLR because
elevation data below 10 m are not reliable, others
warn that given the uncertainties inherent in elev-
ation and population datasets, any LECZ estimates
should be regardedwith caution andwith reference to
methods and datasets used (Lichter et al 2011, Mon-
dal andTatem2012). Living in a LECZdoes not neces-
sarily entail current or future exposure to SLR-related
hazards, as flooding is not a certainty and because
of the wide variety of potential adaptation measures
(Yamamoto and Esteban 2014), but estimates draw
attention to the concentration of populations and
physical assets in LECZs.

4. Challenges of measuring population
exposure to SLR

This review found numerous challenges in the literat-
ure whenmeasuring population exposure to SLR and
related impacts. The estimates are based on gridded
datasets that include DEMs, flooding and extreme
sea-levels, and population distribution. Hinkel
et al (2014), Lichter et al (2011), and Mondal and
Tatem (2012) have shown that estimates of land and
population exposure to SLR and coastal flooding
vary significantly according to which datasets are
employed. Final estimates depend on the input data,
and decisions about key parameters such as time hori-
zons, warming scenarios, and ecological or socioeco-
nomic processes and feedbacks including adaptation
measures assumed. Four main challenges are dis-
cussed here based on our review and analysis.

First, estimates of populations exposed to SLR
rely on elevation data to define zones of inundation
or potential hazard parameters (Small and Nicholls
2003, Ericson et al 2006, Mcgranahan et al 2007,
Lichter et al 2011). Global DEM datasets include
GLOBE which combines six gridded DEMs and
five cartographic sources; the US Geological Survey
GTOPO30 which combines eight raster and vector
sources of topographic information; and the Shuttle
Radar Topography Mission (SRTM) elevation data
with a vertical resolution of 1m and spatial resolution
of approximately 90 m at the equator (Mcgranahan
et al 2007, Lichter et al 2011, Brown et al 2018).
Any DEM has vertical and horizontal uncertainties
(Wolff et al 2016). For example, while there are
enhanced versions of SRTM data (see Mondal and
Tatem 2012, Kulp and Strauss 2019), SRTM datasets
have uncertainties in urban and forested areas where
radar technologies capture infrastructure or tree elev-
ation as opposed to ground elevation (Dasgupta et al
2011, Marzeion and Levermann 2014). Global mean
error in SRTM’s 1–20 m elevation band has been
found to be 1.9 m (and 3.7 m in the US) (Kulp
and Strauss 2019). Choice of DEM also has signific-
ant effects on estimates. Hinkel et al (2014) found
the estimated number of people flooded according to
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the GLOBE elevation model to be double that calcu-
lated using the SRTM elevation model, and Kulp and
Strauss (2019) found that using CoastalDEM instead
of SRTM resulted in estimates of population expos-
ure to extreme coastal water level that were three or
more times higher. Improvements in elevation data-
sets are required to enable accurate estimates of land
area exposure (Gesch 2009).

Second, estimating coastal floodplains and poten-
tial coastal flooding requires datasets on extreme sea
levels. A significant limitation of flood analysis at
all scales is limited availability of accurate datasets
(Gesch 2009, Mondal and Tatem 2012, Neumann
et al 2015). In their analysis of coastal flood expos-
ure, Muis et al (2017) found that correcting ver-
tical data of sea-level extremes and land elevation
for two sea-level datasets—DINAS-COAST Extreme
Sea Levels (DCESL) dataset and the GTSR dataset—
resulted in an increase of 16% and 20% respectively
in flood exposed land, and 39% and 60% respect-
ively for exposed populations. Moreover, there are
other drivers of flooding including storm intensity,
and climate change affects frequencies, magnitudes,
and tracks of storms thereby yielding low confidence
in how storm surges and extreme sea levels may alter
over time (Marzeion and Levermann 2014, Brown
et al 2018, Knutson et al 2019). Hazard paramet-
ers must be set within models, but it is not always
clear which hazard parameters to select, or whether
to select extremes or means.

Third, estimates of population exposure to SLR
require population distribution datasets. Key data-
sets are the Gridded Population of theWorld (GPW),
the Global Rural Urban Mapping Project (GRUMP),
and LandScan Global Population database, all of
which are developed from census data. Census data
are available by census accounting units, with uncer-
tainty in the spatial distribution of populationswithin
each unit. GPW was the first global and widely
available dataset that transformed census data to a
grid; it emphasises input data rather than model-
ling distributions (Nicholls et al 2008a). GRUMP
combines population data with census units, alloc-
ating people into urban or rural areas to coincide
with UN estimates and using an urban extent assess-
ment derived mostly from the night-time lights data-
set of the US National Oceanic and Atmospheric
Administration (NOAA) (Mcgranahan et al 2007,
CIESIN, IFPRI, World Bank and CIAT 2011, Mondal
and Tatem 2012). LandScan disaggregates census data
within administrative boundaries based on weight-
ings derived from land cover data, proximity to roads,
slope, and populated areas (Bhaduri et al 2007, Mon-
dal and Tatem 2012). As always, all these datasets
have limitations. Spatially detailed census data are
often not available for low-income countries; some
census data are over 10 years old; informal settlements
and undocumented people might not be accounted
for in census data; and datasets that use night-time

lights as a proxy for population can miss smaller
coastal settlements with limited development and
where electricity supply is intermittent or unavailable
(Dugoua et al 2017). Different datasets produce dif-
fering population distributions. An analysis of vari-
ation in estimates of populations in LECZ as derived
from LandScan and GRUMP found that eight of the
top ten locations with the largest differences in estim-
ates were small low-lying island countries or territor-
ies, including for example Tuvalu (Mondal and Tatem
2012). Consequently, the limited spatial resolution of
census data means there is uncertainty as to the loca-
tion of populations relative to SLR and its related haz-
ards (Small and Nicholls 2003, Foley 2018).

Finally, many studies set specified levels of future
GMSLR based on different emission and warming
pathways over the coming decades, centuries, and
millennia (e.g. Pfeffer et al 2008, Brown et al 2016,
Clark et al 2016, Mengel et al 2016). Debates regard-
ing GMSLR estimates and forecasts relate to spatial
variations, temporal uncertainties, rates of ice mass
loss especially from Greenland and Antarctica, ocean
dynamics, emission scenarios, and changes in grav-
ity associated with water mass redistribution, lead-
ing to significant regional variations from the global
mean (Clark et al 2016, Jevrejeva et al 2016, Men-
gel et al 2016, Geisler and Currens 2017). Subsidence
and isostatic uplift further affect local sea level pro-
jections (Hinkel et al 2014, Erkens et al 2015, Brown
and Nicholls 2015). There are temporal uncertainties
in forecasting GMSLR associated with projected rates
(e.g. Bindoff et al 2007, Solomon et al 2007); nat-
ural, multi-decadal oscillations (Sérazin et al 2016);
and the pace of ice mass loss from the Greenland and
Antarctica ice sheets (Tol et al 2006, Hansen 2007,
Pfeffer et al 2008, Nicholls et al 2011, Jevrejeva et al
2016). Thus, future GMSLR is uncertain, something
that many studies address by using higher and lower
bounds of GMSLR in their analyses (IPCC 2019, c.f.
Marzeion and Levermann 2014).

In summary, reliability of the estimates of both
current and future population exposure to GMSLR
and related hazards depend on the reliability of input
datasets, with precision not always reflecting accur-
acy. Global quantitative estimates rely on global data-
sets, yet there are widely acknowledged challenges in
estimating land elevation, extreme sea levels, pop-
ulation distribution, and GMSLR scenarios. These
problems are amplified for studies seeking to estim-
ate population exposure to GMSLR in the future. For
example, the uncertainties in current population dis-
tribution estimates mean that future estimates also
have large uncertainties.

5. Relevance of population exposure to
SLR for migration

While noting the challenges of estimating popula-
tion exposure to SLR, most global estimates are in
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the order of tens or hundreds of millions of people
exposed to coastal inundation and coastal flooding
for different timeframes and scenarios. Given the cur-
rent and expected impact of SLR, exposed popula-
tions must adapt (Murphy 2015). Adaptation to SLR
and related hazards is widely defined under three
main categories (Dronkers et al 1990, Brown et al
2016, IPCC 2019): (1) protection (measures redu-
cing the parameters or likelihood of inundation in
a specific location); (2) accommodation (policies or
actions to live with the consequences of SLR); and
(3) migration or relocation (planned movements
of populations, sometimes termed ‘managed retreat’
or ‘managed realignment’). Despite the possibility
for different adaptive measures to SLR, migration
or relocation—also variously referred to as retreat,
displacement, resettlement, realignment, evacuation,
and abandonment—has received significant atten-
tion in public and policy discussion.

First suggested in the 1970s (e.g. Brown 1976), the
term ‘environmental refugee’ was the focus of much
debate before being largely discredited on the basis of
its legal definition, since theUnitedNations (UNHCR
1951/1967 ) does not include any environmental basis
for claiming or granting refugee status. Addition-
ally, the multi-causal nature of migration (Foresight:
Migration and Global Environmental Change 2011,
Felli and Castree 2012, Fiddian-Qasmiyeh et al 2016,
Ayeb-Karlsson et al 2018) undermined concepts of
environmental, climate, and climate change refugees,
along with increasing resistance among residents
of small island states to narratives of disappear-
ing islands and population displacement as iconic
examples of the threat of climate change (Farbotko
2010). Nonetheless, a recent ruling by the United
Nations in response to a protection claim from a
resident of Kiribati (OHCHR 2020) referred to ‘cli-
mate change refugees’ as people where ‘the risk of
serious harm arises from environmental factors indir-
ectly caused by humans, rather than from violent acts’
(OHCHR 2020, p 8). There are also emerging stud-
ies documenting early cases of human migration
and relocation linked to the perceived impacts of
SLR (c.f. Mcmichael and Katonivualiku 2020). Some
countries—e.g. Micronesia, the Marshall Islands, the
Solomon Islands, Fiji, and Kiribati—are developing
policy and practice responses that include migra-
tion and planned resettlement of vulnerable popula-
tions in response to perceived climate impacts such as
SLR (Hauer et al 2020). Despite the discursive, legal,
and policy developments that link SLR to human
migration, as well as emerging examples of low-lying
places where SLR is considered a key climate change-
related hazard which could affect migration decision-
making, the question remains as to how, where, and
to what extent population exposure to SLR might
shape human mobility globally.

Twenty of the 33 publications reviewed in this
article discuss connections between population

migration and SLR. For example, Nicholls et al (2011)
suggest that 2 m of SLR by 2100 yields the risk of
‘forced displacement’ of up to 187 million people.
They suggest that, although displacement is avoid-
able through protection, the likelihood of protection
being successfully implemented is lowest in small
islands, Africa, and parts of Asia, hence these regions
are likely to experience coastal abandonment. Brown
et al (2018) note that although people may not want
to move from their coastal sites, in some places this
may be themost viable option, highlighting low-lying
settlements in Fiji, the Maldives, and Panama. Kulp
and Strauss (2019) suggest that coastal communities
must prepare for difficult futures including large-
scale migration away from coastlines, and they call
for global modelling that accounts for the timing,
locations, and scale of human migration in response
to worsening coastal flooding. Nicholls et al (2008b)
consider the scenario of West Antarctic Ice Sheet col-
lapse (WAIS) producing 5 m of SLR, and consequent
land loss that would lead to forced migration. Rowley
et al (2007) suggest that inundation of coastal land
due to SLR could displace millions of coastal resid-
ents, with up to 430 million people affected by SLR
of 6 m.

Other studies that focus on wider SLR-related
hazards such as coastal flooding have also suggested
migration will be a key response. For example, Hinkel
et al (2014) argue that where protection is not in
place, populations will move in response to growing
flood risk. Mcgranahan et al (2007) note that migra-
tion represents a key risk reduction strategy for pop-
ulations in coastal lowlands, albeit a costly and dis-
ruptive form of adaptation. Given that exposure to
SLR is not a reliable proxy indicator for migration,
none of these studies rigorously or reliably quantifies
the number of people whomight be expected tomove
due to SLR or could do so. Beyond estimates of expos-
ure, the connections between SLR and migration are
complex and uncertain.

Consequently, population exposure to SLR
and related impacts should not be conflated with
inevitable migration. As has been widely noted,
migration decisions are shaped by more than envir-
onmental factors, including economic, social, demo-
graphic, institutional, and political dimensions
(Nicholls et al 2008a, Foresight:Migration andGlobal
Environmental Change 2011, Felli and Castree 2012,
Fiddian-Qasmiyeh et al 2016, Ayeb-Karlsson et al
2018, Hauer et al 2020). SLR could generate ‘trapped’
populations who have a desire to move but not the
necessary resources, and there will be those who
prefer not to move for social, cultural, and political
reasons including place attachment (Farbotko and
Mcmichael 2019).

Further, migration can be prevented or fore-
stalled through other adaptive strategies. Nicholls and
Cazenave (2010) emphasise that humans have his-
torically adapted to coastal change, and many of the
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world’s most populated coastlines and coastal cities
are currently managed and engineered for flood risk
(see also Hallegatte et al 2013). Over the 20th century,
coasts have subsided by up to 5 m in Tokyo, 3 m in
Shanghai, and 2m in Bangkok; these cities depend on
flood- and water management infrastructure to pre-
vent further submergence. Some countries and cities
with large coastal populations will try to adapt in situ
(Davis et al 2018). Indeed, Lincke and Hinkel (2018)
suggested that for 90% of exposed populations, who
live on only 13% of the world’s coasts, it will be cost-
effective to protect. Nicholls et al (2008b) find that
even in the scenario of the WAIS collapse, significant
lengths of the world’s populated coast could be defen-
ded, thereby significantly reducing migration.

Publications (including ten from this review)
make the important point that coastal populations
are growing due to migration into urban sites which
increases population exposure to SLR (c.f. Small and
Nicholls 2003, Nicholls 2004, Mcgranahan et al 2007,
Hinkel et al 2014, Neumann et al 2015, Kummu et al
2016, Muis et al 2017). Jones and O’Neill (2016)
suggest that models of future population distribu-
tion do not adequately account for the potential
impacts of climate change. They argue that popula-
tion distribution may be shaped by migration away
from inland drought-affected regions and into coastal
areas, and that population projections should include
these parameters. These considerations highlight that
populations are not static unless affected by SLR and
related impacts. As the migration and mobilities lit-
erature has long explained (e.g. Fiddian-Qasmiyeh
et al 2016), people continually move into and away
from sites for numerous reasons, including coasts, so
any estimates are subject to large uncertainties. These
uncertainties do not decrease due to exposure to SLR.

Studies with a tighter geographic focus address
some of these challenges, as they draw on datasets
with higher spatial resolution and can include para-
meters that address the specificities of local social,
economic, demographic, and political contexts (c.f.
Hauer 2017, Chen and Mueller 2018). For example,
Davis et al (2018) modify a diffusion-based model
of human mobility in combination with population,
elevation, and climatic data to forecast SLR-driven
migration in Bangladesh in the years 2050 and 2100.
They predict that 0.9 million people by 2050 and 2.1
million people by 2100 could be displaced by per-
manent inundation, predominantly within the south-
ern half of Bangladesh. Hauer (2017) focuses on
populations in the US, estimating both the num-
ber and destinations of potential SLR migrants by
2100. The analysis uses county-level projected pop-
ulation data, county-to-county migration flow data,
and household economic status while assuming a
1.8 m SLR scenario, in order to simulate expected
impacts. Hauer (2017) finds that by 2100, every US
state and 56% of counties could be affected by SLR-
related migration, of people moving either in or out.

Another advantage of more localised studies
is that they can account for other environmental
changes and coastal geomorphology that interact
with SLR such as pre-existing subsidence, coastal
erosion due to ecosystem destruction (e.g. wetlands,
mangroves, and coral reefs), land use changes, or
groundwater extraction (Mcleod et al 2010, Arkema
et al 2013). Here, SLR and associated coastal change,
might be a necessary but not sufficient driver of
migration. For example, research in Louisiana illus-
trates that 5000 km2 of coastal land has been lost
since 1932—due to local, regional, and global factors
driving relative sea level change—yet Louisiana’s pop-
ulation has not moved landward in concert with
observed shoreline encroachment (Hauer et al 2019).
While this article is specifically examining global or
near-global estimates for considering the implica-
tions of SLR and associated impacts, such as poten-
tial migration, more localised studies might be more
appropriate.

Nonetheless, data are not readily available in
many places identified as vulnerable to the impacts
of SLR. For example, in 2014, residents of the small
coastal village of Vunidogoloa, Fiji relocated from
the foreshore to a higher site within their custom-
ary mataqali (i.e. clan) land. Over recent years and
decades, villagers experienced high tides that regu-
larly flooded their homes and village land, coastal
erosion which led to the loss of some homes, storm
surges, and saltwater intrusion. Earlier efforts to
adapt included ad hoc relocation of houses and con-
struction of two seawalls. The entire village relocated
in January 2014, with the support of the Government
of Fiji and donor organisations as well as significant
community input and resources. Villagers consider
their relocation to be driven by climate change, spe-
cifically SLR impacts (Mcmichael and Katonivualiku
2020). It is referred to and labelled by the Govern-
ment of Fiji and institutions and donor organisations
as a climate change-related relocation (c.f. The Fijian
Government 2019).

Yet, many coastal sites are not well-represented
in global gridded population and elevation datasets.
An assessment of Pacific island countries and ter-
ritories found that LandScan tended to overestimate
numbers of Fijians in urban centres and GPWv4 ten-
ded to over-disperse the population, resulting in a
smoothed population distribution rather than small
dispersed settlements and urban centres (Andrew et al
2019).Moreover, SRTMelevation data could be unre-
liable in Fiji since SRTM imagery has large errors
for sites vegetated with mangroves and evergreen
tree cover (Hawker et al 2018). Furthermore, there is
limited coastal monitoring in Fiji and other Pacific
island countries to determine the extent to which
coastal erosion and flooding are attributable to cli-
mate change related SLR, as opposed to other coastal
geomorphology processes associated with subsid-
ence, or human activity such as river dredging and

20



Environ. Res. Lett. 15 (2020) 123005 C McMichael et al

removal of mangroves (Singh et al 2019). Vunido-
goloa is an example of planned relocation in which
emerging, local, coastal exposure aligns with the types
of impacts expected with SLR, yet the resolution
of global and regional SLR exposure estimates is
too coarse to generate meaningful assessment of the
causes of local coastal changes.

6. Conclusions

Coastal zones are some of themost densely populated
areas in the world and include many of the world’s
large cities and many of the fastest growing urban
areas (Smith 2011, Brown et al 2018). There are also
coastal zones with small settlements and villages, such
as those in outer islands of small island states or rural
areas of Belize and Bangladesh. This review shows
that the existing estimates of population exposure to
GMSLR and related hazards largely depend on the
reliability of input datasets and the methodologies
adopted. The underlying uncertainties in the eleva-
tion datasets continue to result in significant differ-
ences in the estimates. Another limitation in the lit-
erature arises from the spatially gridded population
datasets that are still unable to produce reliable high-
resolution estimates in the lowest-lying coastal areas.
The uncertainties in the current population distribu-
tion likely mean that future estimates will have large
uncertainties. Low statistical confidence levels asso-
ciated with extreme sea levels datasets are also com-
mon, especially regarding the vertical data of sea level
extremes and land elevation. Finally, despite the fact
that future estimates of GMSLR are uncertain, many
existing studies do not provide confidence limits of
their estimates of population exposure.

Irrespective of the uncertainties, the literature
converges on the point that coming decades and cen-
turies will see SLR radically redefine the world’s coast-
lines (Taherkhani et al 2020). Global and near-global
population estimates with their ranges highlight the
large numbers of people exposed to SLR, both now
and in the future. Even with climate change mitig-
ation and more stable global temperatures, the land
area and population exposed to SLR seem likely to
continue increasing for centuries (Nicholls and Lowe
2004, Hauer et al 2020), so climate change adaptation
is still required of which population mobility is fre-
quently highlighted.

SLR has the potential to shape population mobil-
ity at all scales (Hauer et al 2020). There are sig-
nificant and long-term implications of SLR-related
hazards for coastal habitation (Brown et al 2018).
Migration and relocation are ways for people to adapt
to environmental and climatic changes (Black et al
2011,Murphy 2015), andmigration has been a way of
responding to shifting coastlines throughout human
history (Fiddian-Qasmiyeh et al 2016). The main
difference today is that climate and coastal changes
contributing to human migration are increasingly

human-induced, so global and national policy and
practice debates are examining this topic.

Whether or not improved global estimates of pop-
ulation exposure to SLR are needed for policy and
decision-making is debatable. Global estimates give
a sense of the scale and distribution of exposure,
but many other factors are needed for understand-
ing and managing potential impacts and for plan-
ning for adaptation locally. Paramount are the moral,
ethical, and legal debates regarding population sta-
bilisation, land ownership, resources available, and
decision-making for moving or staying. This review’s
value in these discussions is demonstrating that (i)
despite the uncertainties and unknowns, it is clear
that coastal changes and consequences for popula-
tions will be large and require significant action, (ii)
there is time now to consider thoroughly the situ-
ations and options, so this should be done rather
than waiting for more urgency, and (iii) many aspects
of the topic need to be decoupled to avoid repeat-
ing myths or reproducing discursive narratives that
uphold global power relations, especially those cov-
ering ‘climate refugees’ (Kelman 2019, Ayeb-Karlsson
2020).

For example, this review shows that the (impre-
cise) global estimates of population exposure to SLR
are inaccurate proxies for estimates of SLR-related
migration. Migration decisions are shaped by more
than exposure to environmental changes (Fiddian-
Qasmiyeh et al 2016); people may be trapped or
choose to remain in sites of high exposure; people
move into sites of exposure; and migration can be
prevented or delayed through other adaptation and
accommodation measures. It is necessary to con-
nect SLR-related hazards to human migration at
the temporal and spatial scale of lived experience
and decision-making. More work is needed to better
understand how to ensure that policies and decision-
making focus on the research findings rather than the
rhetoric, especially regarding how SLR interacts with
other factors to shape migration decision-making.

A key area for further research could be to under-
stand the ways in which adaptation measures (e.g.
protection, accommodation, ormigration) to SLR are
shaped by wealth, including at the societal, house-
hold, and individual level. While some continue to
highlight GDP (e.g. Kirezci et al 2020), this indicator
is known to have such severe limitations that robust
and meaningful results for policy and decision-
making would be much better obtained by extract-
ing information from micro surveys. Additionally,
economic analyses suggest that managed migration
might be cost-effective for the majority of the world’s
coastlines while protection might be pursued select-
ively in sites with dense populations and assets (Diaz
2016, Jevrejeva et al 2018). To illustrate, Hauer (2017)
assumes that wealthier households in the US (earn-
ing more than US$100 000 per year) are more likely
to adapt to SLR in situ, and thus unlikely to migrate.
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Economic analyses cannot fully account for intan-
gible costs, such as health impacts, disrupted place
attachments, and loss of culture andwellbeing, so fur-
ther work should do so.

This work should also include focusing on
improving terrain elevations in urban and coastal
settings. Furthermore, although this review covers
a global phenomenon, more localised studies are
needed to better examine locally driven environ-
mental stressors and coastal geomorphology. This
will require developing coastal area elevation datasets
by combining local terrain information with high-
resolution satellite data. One other input into this
work is considering scenarios of theGreenland and/or
Antarctic ice sheets melting rapidly, because then,
adapting in situ might not be an option for many.
Understanding the drivers and any tipping points
for SLR-related migration requires more detailed
investigation, which then circles back to the decision-
making for adaptation. As this review shows, without
ice sheetsmelting, GMSLRmight not exceed themax-
imum sea level since the last ice age (Dickinson 2009)
until next century, in the absence of action related
to climate change. Ice sheet melting provides sub-
stantially worse scenarios. Decisions need to be made
over the next century considering these two widely
divergent possibilities.

Thus, global and near-global estimates of SLR-
related population exposure and their relevance
for migration highlight (i) widespread impacts of
human-caused climate change with the single phe-
nomenon of GMSLR affecting a significant propor-
tion of the human population and (ii) challenging
circumstances for deciding how to act, consider-
ing the wide-ranging options from population sta-
bilisation to engineering coastlines to moving away
from the current shores. These decisions might be
helped by spatial distribution and resolution of global
datasets improving significantly to enable more reli-
able quantitative assessments of population expos-
ure to SLR and related impacts, but decision-making
should not wait for them, instead planning now for
the various decision pathways. Meanwhile, people
in LECZs are increasingly reporting environmental
changes that are potentially attributable to SLR. At
this local scale, more effort is needed to understand
the complex interactions between localised SLR and
related hazards, local social contexts and potential
strategies regarding demographics, migration, and
(im)mobility.
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