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Abstract
Sea-level rise (SLR) is magnifying the frequency and severity of extreme sea levels (ESLs) that can
cause coastal flooding. The rate and amount of global mean sea-level (GMSL) rise is a function of the
trajectory of global mean surface temperature (GMST). Therefore, temperature stabilization targets
(e.g. 1.5 ◦C and 2.0 ◦C of warming above pre-industrial levels, as from the Paris Agreement) have
important implications for coastal flood risk. Here, we assess, in a global network of tide gauges, the
differences in the expected frequencies of ESLs between scenarios that stabilize GMST warming at
1.5 ◦C, 2.0 ◦C, and 2.5 ◦C above pre-industrial levels. We employ probabilistic, localized SLR
projections and long-term hourly tide gauge records to estimate the expected frequencies of historical
and future ESLs for the 21st and 22nd centuries. By 2100, under 1.5 ◦C, 2.0 ◦C, and 2.5 ◦C GMST
stabilization, the median GMSL is projected to rise 48 cm (90% probability of 28–82 cm), 56 cm
(28–96 cm), and 58 cm (37–93 cm), respectively. As an independent comparison, a semi-empirical sea
level model calibrated to temperature and GMSL over the past two millennia estimates median GMSL
rise within 7–8 cm of these projections. By 2150, relative to the 2.0 ◦C scenario and based on median
sea level projections, GMST stabilization of 1.5 ◦C spares the inundation of lands currently home to
about 5million people, including 60 000 individuals currently residing in Small Island Developing
States. We quantify projected changes to the expected frequency of historical 10-, 100-, and 500-year
ESL events using frequency amplification factors that incorporate uncertainty in both local SLR and
historical return periods of ESLs. By 2150, relative to a 2.0 ◦C scenario, the reduction in the frequency
amplification of the historical 100 year ESL event arising from a 1.5 ◦C GMST stabilization is greatest
in the eastern United States, with ESL event frequency amplification being reduced by about half at
most tide gauges. In general, smaller reductions are projected for Small Island Developing States.

1. Introduction

Extreme sea levels (ESLs) are defined as the combined
height of the astronomical tide and storm surge (i.e.
the storm tide) and mean sea level. ESLs can cause

coastal floods that threaten life and property when
flood defenses are over-topped. Rising mean sea lev-
els are already magnifying the frequency and severity
of ESLs that lead to coastal floods (Buchanan et al
2017, Sweet and Park 2014) and, by the end of the
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century, coastal flooding may be among the costliest
impacts of climate change in some regions (Hsiang
et al 2017, Diaz 2016, Hinkel et al 2014). Sea-level
rise (SLR) is expected to permanently inundate low-
lying geographic areas (Marzeion and Levermann
2014, Strauss et al 2015), but these locations will
first experience decreases in the return periods of ESL
events and associated coastal floods (e.g. Hunter 2012,
Sweet and Park 2014).

The rate of global mean sea-level (GMSL) rise
depends on the trajectory of global mean surface tem-
perature (GMST; Rahmstorf 2007, Kopp et al 2016a,
Vermeer and Rahmstorf 2009), with the long-term
committed amount of GMSL largely determined by
the stabilized level of GMST (Levermann et al 2013).
Thus, the management of GMST has important impli-
cations for regulating future GMSLs (Schaeffer et al
2012), and consequently the frequency and severity of
ESLs and coastal floods. However, GMST stabilization
does not imply stabilization of all climate variables.
Under stabilized GMST, GMSL is expected to con-
tinue to rise for centuries, due to the long residence
time of anthropogenic CO2, the thermal inertia of
the ocean, and the slow response of large ice sheets
to forcing (Clark et al 2016, Levermann et al 2013,
Held et al 2010). For instance, Schaeffer et al (2012)
found that a 2.0 ◦C GMST stabilization would lead
to a GMSL rise (relative to 2000) of 0.8m by 2100
and >2.5m by 2300, but if the GMST increase were
held below 1.5 ◦C, GMSL rise at the end of the 23rd
century would be limited to ∼1.5m. These find-
ings suggest that selection of climate policy goals
could have critical long-term consequences for the
impacts of future SLR and coastal floods (Clark et al
2016).

The Paris Agreement seeks to stabilize GMST by
limiting warming to ‘well below 2.0 ◦C above pre-
industrial levels’ and to further pursue efforts to ‘limit
the temperature increase to 1.5 ◦C above pre-industrial
levels’ (UNFCCC 2015a). However, a recent literature
review under the United Nations Framework Con-
vention on Climate Change (UNFCCC) found the
notion that ‘up to 2.0 ◦C of warming is considered
safe, is inadequate’ and that ‘limiting global warming
to below 1.5 ◦C would come with several advantages’
(UNFCCC 2015b). The advantages and disadvantages
of each GMST target as they relate to coastal floods
and ESLs have not been quantified. This is critical,
as >625million people currently live in coastal zones
with <10m of elevation, and population growth is
expected in these areas (Neumann et al 2015). Exam-
ining the short- and long-term ESL implications of
1.5 ◦Cand 2.0 ◦CGMST stabilization scenarios, as oth-
ers have recently done for other climate impacts (e.g.
Schleussner et al 2016a, 2016b, Mitchell et al 2017,
Mohammed et al 2017), may better inform the policy
debate regarding the selection of GMST goals.

In this study, we employ probabilistic, localized
SLR projections to assess differences in the frequency

of ESLs across 1.5 ◦C, 2.0 ◦C, and 2.5 ◦C GMST sta-
bilization scenarios at a global network of 194 tide
gauges (section 2.1). We use long-term hourly tide
gauge records and extreme value theory to estimate
present and future return periods of ESL events
(section 2.4.1). We extend our analysis through the
22nd century to account for continuing SLR in order
to inform multi-century planning and infrastructure
investments. Lastly, we assess differences in the expo-
sure of current populations to future SLR under 1.5 ◦C,
2.0 ◦C, and 2.5 ◦C GMST stabilizations (section 3.2).
Unlike deterministic or median estimates, the use
of probabilistic projections allows for the character-
ization of uncertainty, which is important for risk
management.

Various approaches have been used to project
GMSL under GMST targets. For instance, Jevrejeva
et al (2016) estimate future local SLR under a GMST
increase of 2 ◦C using a representative concentra-
tion pathway (RCP) 8.5 GMST trajectory that passes
through 2 ◦C of warming by mid-century, but this
approach likely underestimates SLR relative to a sce-
nario that achieves 2 ◦C GMST stabilization by 2100
as it neglects the time-lagged, integrated response of
the ocean and cryosphere to warming (Clark et al
2016). More generally, studies that condition future
ESL or flood projections on the RCPs may be insuf-
ficient for assessing the costs and benefits of climate
policy scenarios, such as GMST stabilization targets
(e.g. Section 13.7.2.2 of Church et al 2013, Buchanan
et al 2017, Hunter 2012, Tebaldi et al 2012). The RCPs
are designed to be representative of a range of emis-
sions scenarios that result in prescribed anthropogenic
radiative forcings by 2100 relative to pre-industrial
conditions (e.g. 8.5Wm−2 for RCP8.5). They are not
representative of a specific emissions trajectory, cli-
mate policy (e.g. GMST target), or socioeconomic and
technological change (Moss et al 2010, van Vuuren
et al 2011). Recently, Jackson et al (2018) pro-
duced probabilistic, localized SLR projections under
1.5 ◦C and 2.0 ◦C GMST targets, but did not assess
ESLs or consider sea-level change after 2100, the
latter being necessary for evaluating the effects of
GMST stabilization.

Semi-empirical sea level (SESL) models (Rahm-
storf et al 2012) can estimate future GMSL rise
under various GMST scenarios (e.g. Schaeffer et al
2012, Bittermann et al 2017). Unlike their process-
based counterparts (e.g. Kopp et al 2014), SESL
models do not explicitly model individual physical
components of sea-level change. They are calibrated
over a historical period using the observed statistical
relationship between GMSL and a climate parame-
ter (such as GMST). Assuming these relationships
hold in the future, SESL models project the rate of
GMSL change conditional upon a GMST pathway
(e.g. Rahmstorf 2007, Vermeer and Rahmstorf 2009,
Kopp et al 2016a). However, SESL models do not pro-
duce estimates of local SLR, which are necessary for

2



Environ. Res. Lett. 13 (2018) 034040

local risk assessment and adaptation planning because
local SLR can substantially differ from the global mean
(Milne et al 2009).

2. Methods

We project probabilistic global and local sea level
conditional on GMST stabilization at 1.5 ◦C, 2.0 ◦C,
and 2.5 ◦C using the component-based, local sea level
projection framework from Kopp et al (2014, hence-
forth K14). We compare the GMSL projections from
the K14 framework to those from the SESL model
of Kopp et al (2016a) and Bittermann et al (2017).
While SESL models cannot produce local projections
of SLR, they can serve as a reference point for eval-
uating the consistency of process-based projections
with historical temperature-GMSL relationships. The
flow and sources of information used to construct
the local SLR and GMSL projections using the K14
method is depicted in figure S-1(a), while the flow
of information used to generate the SESL projections
is provided in figure S-1(b). Local SLR projections
from the K14 approach are combined with historical
distributions of ESL events to estimate future return
periods of historical ESL events (figure S-1(a)), simi-
lar to the approaches by Buchanan et al (2017, 2016)
and Wahl et al (2017).

2.1. Component-based model approach: global and
local sea-level rise projections
Sea-level change does not occur uniformly. Dynamic
ocean processes (Levermann et al 2005), changes to
temperature and salinity (i.e. steric processes), and
changes in the Earth’s rotation and gravitational field
associatedwithwater-mass redistribution (e.g. land-ice
melt; Mitrovica et al 2011), as well as glacial iso-
static adjustment (GIA; Farrell and Clark 1976) and
other drivers of vertical land motion cause local rel-
ative sea levels to differ from the global mean. We
model local relative sea level using the K14 framework,
butmakemodifications to accommodate the stratifica-
tion of atmosphere–ocean general circulation models
(AOGCMs) and RCPs into groups that meet GMST
stabilization targets (see section 2.2). AOGCM out-
put from the Coupled Model Intercomparison Project
(CMIP) Phase 5 archive (Taylor et al 2012) forced with
the RCPs (to 2100) and their extensions (to 2300)
are used directly for global mean thermal expansion
(TE) and local ocean dynamics, and as a driver of
a surface mass balance (SMB) model of glaciers and
ice caps (GICs; Marzeion et al 2012). Antarctic ice
sheet (AIS) and the Greenland ice sheet (GIS) con-
tributions are estimated using a combination of the
Intergovernmental Panel on Climate Change’s (IPCC)
Fifth Assessment Report (AR5) projections of ice sheet
dynamics and SMB (table 13.5 in Church et al 2013)
and expert elicitation of total ice sheet mass loss from
Bamber and Aspinall (2013). As in AR5, ice sheet SMB

contributions are represented as being dependent on
the forcing scenario, while ice sheet dynamics are not.
A spatiotemporal Gaussian process regression model
is used with tide gauge data to estimate the long-
term contribution from non-climatic factors such as
tectonics, GIA, delta processes (e.g. sediment com-
paction), and human-induced subsidence. Changes in
the rate of human-induced subsidence are not con-
sidered. Global mean land water storage effects are
modeled using relationships between population and
groundwater removal and impoundment (Kopp et al
2014). To generate probability distributions of global
and local mean sea level for each GMST scenario at
tide gauges (table S-1), we use 10 000 Latin hypercube
samples of probability distributions of individual sea
level component contributions.

2.2. Approximating global temperature stabilization
with RCPs
The RCP-driven experiments in the CMIP5 archive
are not designed to inform the assessment of climate
impacts from incremental temperature changes. As
such, we construct alternative ensembles for 1.5 ◦C,
2.0 ◦C, and 2.5 ◦C scenarios using CMIP5 output
filtered according to each AOGCM’s 2100 GMST.
Specifically, we create ensembles for 1.5 ◦C, 2.0 ◦C,
and 2.5 ◦C scenarios with AOGCMs that have a 21st
century GMST increase (19 year running average) of
1.5 ◦C, 2.0 ◦C, and 2.5 ◦C (±0.25 ◦C). For consistency
with theK14 framework,whichmodels 19 year running
averages of SLR relative to 2000, GMST is anomal-
ized to 1991–2009 and then shifted upward by 0.72 ◦C
to account for warming since 1875–1900 (Hansen
et al 2010, GISSTEMP Team 2017). Selection of the
AOGCMs for each scenario ensemble is made irre-
spective of the AOGCM’s RCP forcing. For model
outputs that end in 2100, we extrapolate the 19 year
running average GMST to 2100 based on the 2070–
2090 trend. While we chose 2100 as the determining
year for which AOGCMs are selected for each ensem-
ble, it should be noted that Article 2 of the UNFCCC
(UNFCCC 1992) does not require that GMST stabi-
lization be achieved within a particular timeframe. The
Paris Agreement likewise does not specify a timeframe
for GMST stabilization, though its goal of bring-
ing net greenhouse gas (GHG) emissions to zero in
the second half of the 21st century implies a similar
timeframe for stabilization. We make the assumption
that AOGCM outputs that end at 2100 either stay
within the range of the target ±0.25 ◦C or fall below
by any amount (i.e. undershoot). For AOGCMs that
have GMST output available after 2100, only those
that undershoot the target are retained. However, we
make an exception to this rule for the 2.5 ◦C scenario
ensemble in order to include AOGCMs for gener-
ating post-2100 projections. For RCP4.5 and RCP6,
GMST stabilization should not occur before 2150,
when GHG concentrations stabilize (Meinshausen
et al 2011b) and so SLR projections after 2100 may
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not be representative of conditions under true GMST
stabilization. The GMST trajectories and GMSL con-
tributions from TE and glacial ice from selected
CMIP5models that are binned into 1.5 ◦C, 2.0 ◦C,
and 2.5 ◦C GMST categories are shown in figures 1
and S-2, respectively. Table S-2 lists the AOGCMs
employed in each GMST scenario ensemble and
the sea-level components used. Given the paucity of
CMIP5 output after 2100, the range of TE and GIC
contributions to SLR in the 22nd century is likely
underestimated relative to the 21st century. Total ice
sheet contributions from AR5 are calculated for each
GMST scenario by randomly sampling AIS and GIS
ice sheet distribution for each RCP (table 13.5 in
Church et al 2013) in proportion to the represen-
tation of each RCP in the groups of CMIP5models
selected for each GMST scenario8.

2.3. GMSL rise projections from a SESL model
We generate estimates for GMSL for 2000–2200 using
the SESL model from Kopp et al (2016a) and Bitter-
mann et al (2017) driven with both GMST trajectories
from CMIP5models (figure 1) and GMST trajec-
tories from the reduced-complexity climate model
MAGICC6 (Meinshausen et al 2011a, as employed
in Rasmussen et al 2016) for 2100 GMST targets of
1.5 ◦C, 2.0 ◦C, and 2.5 ◦C (±0.25 ◦C) (figure S-3). The
MAGICC6 GMST trajectories are selected from all
RCP-grouped projections using the same criteria as in
section 2.2. The SESL model is calibrated to the com-
mon era temperature reconstruction from Mann et al
(2009) and the sea level reconstruction of Kopp et al
(2016a). The historical statistical relationship between
temperature and the rate of sea-level change is assumed
to be constant; not included are nonlinear physical
processes or critical threshold events that could sub-
stantially contribute to SLR, such as ice sheet collapse
(Kopp et al 2016b, Levermann et al 2013). Threshold
behavior is partially incorporated in the K14 frame-
work through expert assessments of future ice sheet
melt contributions (Bamber and Aspinall 2013), which
may be one reason why the K14 framework produces
higher estimates in the upper tail of the SLR probability
distribution.

2.4. Estimating the frequencyofhistorical and future
extreme sea level events
The heights of historical ESL events that result from
tropical and extra-tropical cyclones, extreme astro-
nomical tides, and other processes are recorded in
sub-daily tide gauge observations. Extreme value the-
ory can be used with these tide gauge measurements
to estimate the historical return levels of ESL events,

8 For example, the 1.5 ◦C GMST employs 12 CMIP5models from
RCP2.6 and 2 from RCP4.5, so 86% of the samples aredrawn from
the RCP2.6 distribution and 14% are drawn from the RCP4.5 dis-
tribution (supplementary information (SI), table S-2 available at
stacks.iop.org/ERL/13/034040/mmedia).

including events that occur less often, on average, than
the length of the observational record. For example,
one could use extreme value theory to estimate the
height of the present-day 500 year (or 0.2% average
annual probability) ESL event from a record that is
<500 years in length.Assumingnonon-linear relation-
ships between SLR and ESL events and no change in
the frequency and intensity of processes that cause ESLs
(e.g. tropical andextra-tropical cyclones), the estimated
return levels of historical ESL events can be com-
bined with local SLR projections to estimate the return
levels of future ESL events.

2.4.1. Estimation of historical return levels of extreme
sea levels
Here, we use extreme value theorywith dailymaximum
sea levels at tide gauges archived by the University of
Hawaii SeaLevelCenter (see supplementarydata;Cald-
well et al2015) to estimatehistorical return levels of ESL
events. Specifically, we follow Tebaldi et al (2012) and
Buchanan et al (2016, 2017) and employ a generalized
Pareto distribution (GPD) and a peaks-over-threshold
approach (Coles 2001b, 2001a). The GPD describes
the probability of a given ESL height conditional on
an exceedance of the GPD threshold. We use the 99th
percentile of daily maximum sea levels as the GPD
threshold, which is generally both above the highest
seasonal tide and balances the bias-variance trade-off
in the GPD parameter estimation (Tebaldi et al 2012).
The number of annual exceedances of the GPD thresh-
old is assumed to be Poisson distributed with mean
𝜆. Tide gauge observations are detrended and refer-
enced to mean higher high water (MHHW)9 and the
GPD parameters are estimated using the method of
maximum likelihood (see supplementary data).Uncer-
tainty in the GPD parameters is calculated from their
estimated covariancematrix and is sampled using Latin
hypercube sampling of 1000 normally distributed GPD
parameter pairs. For a given tide gauge, the annual
expected number of exceedances of ESL height z is
given by N(z):

𝑁(𝑧) =
⎧⎪⎨⎪⎩
𝜆

(
1 + 𝜉(𝑧−𝜇)

𝜎

)− 1
𝜉 for 𝜉 ≠ 0

𝜆 exp
(
− 𝑧−𝜇

𝜎

)
for 𝜉 = 0

(1)

where the shape parameter (𝜉) governs the curvature
and upward statistical limit of the ESL event return
curve, the scale parameter (𝜎) characterizes the vari-
ability in the exceedances caused by the combination
of tides and storm surges, and the location parame-
ter (𝜇) is the threshold water-level above which return
levels are estimated with the GPD, here the 99th per-
centile of daily maximum sea levels. Meteorological
and hydrodynamic differences between sites give rise

9 Here defined as the average level of high tide over the last 19-years
in each tide gauge record, which is different from the current US
National Tidal Datum Epoch of 1983–2001.
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Figure 1. Left column: GMST trajectories from CMIP5 models (1950–2300) that have a 19 year running average 2100 GMST of
1.5 ◦C, 2.0 ◦C, and 2.5 ◦C±0.25 ◦C (relative to 1875–1900; blue = RCP2.6, green = RCP4.5, orange = RCP6). GMST is anomalized to
1991–2009 and shifted up by 0.72 ◦C to account for warming since 1875–1900 (Hansen et al 2010, GISSTEMP Team 2017). Table S-2
(SI) lists the CMIP5models used for each GMST target. Middle column: GMSL rise (cm; relative to 2000) from the methodology of
Kopp et al (2014) (K14; blue), using CMIP5 temperature trajectories from the left column, and a SESLmodel from Kopp et al (2016a)
(red). Temperature trajectories that drive the SESL model are shown in the left column. The thick line is the 50th percentile, heavy
shading is the 17/83rd percentile, and light shading is the 5/95th percentile. Right column: probability distributions of projected 2050,
2100, and 2200 global mean sea-level rise for GMST stabilization targets using the Kopp et al (2014) framework (blue = 1.5 ◦C, green
= 2.0 ◦C, orange = 2.5 ◦C).

to differences in the shape parameter (𝜉). ESL fre-
quency distributions with 𝜉 > 0 are ‘heavy tailed’,
due to a higher frequency of events with extreme high
water (e.g. tropical and extra-tropical cyclones). Dis-
tributions with 𝜉 < 0 are ‘thin tailed’ and have a
statistical upper bound on extreme high water lev-
els. Events that occur between 𝜆 and 182.6/year (i.e.
exceeding MHHW half of the days per year) are mod-
eled with a Gumbel distribution, as they are outside
of the support of the GPD. Note that ESL events at
tide gauges are not referred to as floods as the occur-
rence of an actual flood depends on the level of coastal
floodprotection, terrain, infrastructure, andother local
factors.

2.4.2. Extreme sea level event frequency amplification
factors
The frequency amplification factor (AF) quantifies
the increase in the expected frequency of historical
ESL events (e.g. the 100 year ESL event) due to SLR
(Buchanan et al 2017, Hunter 2012, Church et al
2013). Due to variation in the local storm climate and
hydrodynamics, the height of ESL event return lev-
els are unique to each location (SI, figure S-4). The
calculation of the expected AF includes both the uncer-
tainty in the estimates of the return periods of historical
ESL events and uncertainty in SLR projections. Fol-
lowing Buchanan et al (2017), we define the expected
ESL event frequency amplification factor AF(z) for ESL

events with height z as the ratio of the expected num-
ber of ESL events after including uncertain SLR to the
historical expected number of ESL events:

AF (𝑧) =
𝐸 [𝑁 (𝑧 − 𝛿)]

𝑁 (𝑧)
(2)

where N(z–𝛿) is the annual expected number of
exceedances of ESL height z after including SLR (𝛿),
E [⋅] is the expectation operator applied to the full
probability distribution of SLR projections, andN(z) is
the historical annual expected number of exceedances
of ESL height z.

2.4.3. Assessment of population exposure
Following the methods used in Kopp et al (2017), we
assess the current population living on land exposed to
future permanent inundation from GMSL under each
GMST stabilization scenario. We emphasize that this is
not a literal measure of future population exposure—
which will depend upon population growth, the
dynamic response of the population to rising sea lev-
els, and coastal protective measures taken—but is
instead intended to index the relevance of SLR to
current economic development and cultural heritage
under different GMST stabilizations. We use a 1 arc-
sec SRTM 3.0 digital elevation model from NASA
(NASA JPL 2013) referenced to local MHHW levels
for the year 2000 and this study’s local SLR projection
grids. Projected inundation areas are intersected with
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Table 1. GMSL projections. All values are cm above 2000 CE baseline. AIS = Antarctic ice sheet, GIS = Greenland ice sheet; TE = thermal
expansion; GIC = glaciers and ice caps; LWS = land water storage. AIS and GIS ice sheet distributions for each RCP from the
Intergovernmental Panel on Climate Change’s Fifth Assessment Report (Church et al 2013) are randomly sampled in proportion to the RCP
representation in the CMIP5model filtering (table S-2). K16: SESL model from Kopp et al (2016a) driven with GMST trajectories from
MAGICC (see SI figure S-3) and CMIP5 GMST trajectories (see figure 1); J18: Jackson et al (2018), S16: Schleussner et al (2016a).

1.5 ◦C 2.0 ◦C 2.5 ◦C

cm 50 17–83 5–95 50 17–83 5–95 50 17–83 5–95

2100—Components
AIS 6 −4–17 −8–35 6 −5–17 −8–34 6 −5–16 −8–34
GIS 7 4–12 3–19 8 4–14 2–22 8 4–15 2–22
TE 19 14–23 10–27 25 15–34 7–42 26 20–31 16–35
GIC 11 8–13 6–15 11 7–16 2–21 13 11–15 9–17
LWS 5 3–7 2–8 5 3–7 2–8 5 3–7 2–8

Total 48 35–64 28–82 56 39–76 28–96 58 45–75 37–93

Projections by year
2050 24 20–28 18–32 25 20–32 15–37 26 22–30 19–34
2070 34 27–41 24–50 38 28–48 21–58 38 32–47 27–55
2100 48 35–64 28–82 56 39–76 28–96 58 45–75 37–93
2150 69 42–107 28–151 88 50–133 25–181 86 54–126 35–171
2200 93 43–161 20–241 120 57–197 20–281 118 62–189 31–268

Other projections for 2100
K16a 38 33–43 30–47 45 39–52 35–58 54 47–62 42–68
K16b 41 36–48 32–53 48 41–56 36–62 51 45–59 41–65
J18 44 30–58 20–67 50 35–64 24–74 – – –
S16 41 29–53 – 50 36–65 – – – –

Other projections for 2200
K16a 58 45–72 36–81 79 65–93 56–104 100 85–115 75–127
K16b 59 45–75 37–88 81 68–95 59–105 101 87–116 78–128

a SESL model driven with MAGICC6 GMST trajectories shown in SI figure S-3.
b SESL model driven with CMIP5 GMST trajectories shown in figure 1.

LandScan 2010 global population data on a
1 km× 1 kmglobal grid (Bright et al 2011) and national
boundary data (Hijmans et al 2012). For each GMST
target, the current population on land at risk is assessed
at the 5th, 50th, and 95th percentile local SLR projec-
tion. Further details are provided in the supplementary
information of Kopp et al (2017).

3. Results

3.1. GMSL rise
The GMSL projections for each GMST target from the
K14 and SESL method are shown in figure 1 and are
tabulated along with the component contributions in
table 1. For the K14 method, differences in median
GMSL between 1.5 ◦C, 2.0 ◦C, and 2.5 ◦CGMST stabi-
lization targets do not appear until after 2050, when the
1.5 ◦C scenario begins to separate from the 2.0 ◦C and
2.5 ◦C trajectories (table 1). The median GMST trajec-
tories diverge earlier, around 2030 (figure S-3). This is
consistent with the early to mid-century divergence in
the radiative forcing pathways and this study’s alloca-
tion of RCPs in the 1.5 ◦C (primarily RCP2.6), 2.0 ◦C
(primarily RCP4.5), and 2.5 ◦C (primarily RCP4.5 and
RCP6) scenarios (SI, table S-2). Median projections
for 2100 GMSL under a 1.5 ◦C scenario are 48 cm,
with a very likely range (90% probability) of 28–82 cm.
An additional 8–10 cm of median GMSL rise is found
for the 2.0 ◦C and 2.5 ◦C GMST scenarios, 56 cm
(very likely 28–96 cm) and 58 cm (very likely 37–
93 cm), respectively. Prior to mid-century, TE and

GIC contributions account for more than half of
GMSL projection uncertainty, but by 2100, ice sheet
contributions dominate (SI, figure S-5). Other studies
found similar GMSL results. Using the same frame-
work, Kopp et al (2014) estimated median 2100 GMSL
projections under RCP2.6 and RCP4.5 of 50 cm (very
likely 29–82 cm) and 59 cm (very likely 36–93 cm),
respectively. Jackson et al (2018) also employs the
CMIP5 ensemble to estimate probabilistic local SLR
projections for GMST stabilizations, but do not con-
sidernon-linear icedynamics (e.g.BamberandAspinall
2013). Their median projections for 1.5 ◦C (44 cm;
very likely 20–67 cm) and 2.0 ◦C (50 cm; very likely
24–74 cm) GMST stabilizations are within 4–6 cm of
this study. Using a method that scales SLR component
contributions as a function of GMST and ocean heat
uptake (Perrette et al 2013), Schleussner et al (2016a)
estimated a median 2100 GMSL for 1.5 ◦C and 2.0 ◦C
scenarios, that is 6–7 cm lower than this study’s K14
framework projections. (table 1).

Despite being warmer by a half-degree, the 2.5 ◦C
GMSL projections largely overlap the 2.0 ◦C scenario
(figure 1). Variation in the transient climate response
and ocean heat uptake efficiency across CMIP5models
leads to weak correlation between TE and GMST
(r2 = 0.10; figure S-6; Kuhlbrodt and Gregory 2012,
Raper et al 2002). As such, cooler models may pro-
duce more TE than warmer models, and vice versa.
Ice sheet contributions are also similar between 2.0 ◦C
and 2.5 ◦C scenarios (table 1). To test the sensitivity of
model-RCP filtering to the choice of GMST stabiliza-
tion, we additionally calculate GMSL under a 1.75 ◦C
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Table 2. The current population (in millions) living on lands exposed to future permanent inundation frommedian (5th–95th percentile)
local sea-level rise (SLR) projections. Population estimates are from 2010. The top five countries with the most exposure in 2150 are included
in the table as well as United Nations defined SIDS.

Human population exposure under 2100 local SLR projections (millions)

Region Total Population 1.5 ◦C 2.0 ◦C 2.5 ◦C

World 6,836.42 46.12 (31.92–69.23) 48.76 (32.01–79.65) 50.35 (33.33–77.38)
China 1,330.20 11.70 (5.89–20.37) 12.75 (6.00–22.05) 13.26 (6.18–22.91)
Vietnam 89.55 6.57 (4.56–9.91) 6.96 (4.58–10.65) 7.16 (4.66–11.05)
Japan 126.66 4.44 (3.84–5.56) 4.62 (3.88–5.85) 4.69 (3.89–6.11)
Netherlands 16.78 4.71 (4.20–5.57) 4.86 (4.16–5.87) 4.85 (4.36–5.63)
Bangladesh 156.13 2.83 (1.98–4.33) 3.03 (2.05–4.77) 3.09 (2.13–4.92)
SIDS 62.08 0.40 (0.30–0.56) 0.42 (0.30–0.64) 0.43 (0.32–0.63)

Human population exposure under 2150 local SLR projections (millions)

Region Total Pop. 1.5 ◦C 2.0 ◦C 2.5 ◦C

World 6,836.42 56.05 (32.54–112.97) 61.84 (32.89–138.63) 62.27 (34.08–126.95)
China 1,330.20 14.46 (5.73–31.00) 16.92 (5.86–37.08) 16.58 (5.75–36.48)
Vietnam 89.55 7.60 (4.46–15.19) 8.47 (4.51–17.13) 8.33 (4.54–16.58)
Japan 126.66 4.92 (3.87–7.69) 5.40 (3.94–8.72) 5.35 (3.89–8.61)
Netherlands 16.78 5.06 (4.12–6.49) 5.18 (4.22–6.45) 5.28 (4.38–6.48)
Bangladesh 156.13 4.48 (2.58–9.78) 5.10 (2.67–11.95) 5.01 (2.82–11.15)
SIDS 62.08 0.46 (0.29–0.91) 0.52 (0.29–1.14) 0.52 (0.31–1.01)

and 2.25 ◦C GMST scenario. The median 2100 GMSL
under the 1.75 ◦C scenario is 3 cm greater than the
1.5 ◦C scenario, and the 2.25 ◦C scenario is 1 cm less
than the 2.0 ◦C scenario (table S-3), suggesting that
GMST scenarios that are primarily represented by only
one RCP (i.e. the 1.5 ◦C scenario) may be less sensitive
to model filtering.

Agreement between central estimates from
process-based and semi-empirical projections implies
consistency with the observed statistical relationship
between GMST and the rate of SLR used to cali-
brate the SESL model. Across scenarios, median 2100
GMSL projections from the SESL model driven with
CMIP5GMST trajectories are 7–8 cm lower than those
from the K14 framework (figure 1 and table 1), but
more disagreement exists between the processed-based
and SESL projections when driven with the MAGICC
GMST trajectories shown in SI, figure S-3 (median
projection differences of 4–11 cm; table 1). These
differences are smaller in magnitude relative to the dif-
ferences in themedianRCP2.6 and RCP4.5 projections
from Kopp et al (2014) and the SESL projections from
Kopp et al (2016a) (8–12 cm). After 2100, the differ-
ences between projections from the K14 framework
and the SESL model become larger. Across scenarios,
median 2200 GMSL projections from the K14 frame-
work are higher by 34 cm (1.5 ◦C), 39 cm (2.0 ◦C) and
17 cm (2.5 ◦C) than those from the SESLmodel driven
with CMIP5 GMST trajectories (figure 1 and table 1).
These differences are largely attributed to the treatment
of ice sheets in each approach. The K14 framework
accounts for non-linearities in crossing threshold ice
sheet behavior by drawing from AR5 and Bamber and
Aspinall (2013), but the SESL model does not because
these events are absent from the calibration period.

3.2. Population inundation
Under the median projected GMSL for a 2.0 ◦CGMST
stabilization, lands currently home to about 60 million

people are projected to be permanently submerged by
2150, including lands currently home to over half a
million inhabitants of United Nations defined Small
Island Developing States (SIDS). Aggregation of all
SIDS canmask important risks. For instance, local SLR
projections for 2150 under a 2.0 ◦C GMST stabiliza-
tion place lands currently home to almost a quarter
of the current population of the Marshall Islands at
risk of being permanently submerged. In compari-
son to these totals, under the median projection for
the 1.5 ◦C stabilization scenario, lands currently home
to about 5million people, including 60 000 in SIDS,
avoid inundation (table 2), but little difference is found
for the Marshall Islands.

3.3. Amplification of ESL events
We assess the effects of different GMST stabilizations
on the frequency of ESL events by highlighting three
cities: (1) New York, New York, USA, (2) Kushi-
moto, Wakayama, Japan, and (3) Cuxhaven, Lower
Saxony, Germany (figure 2). Estimates of the his-
torical 10-, 100-, and 500-year ESL events (expected
frequencyof0.1/year, 0.01/year, and0.002/year, respec-
tively) and the future ESL frequency AF for all sites
are provided in SI tables S-4 to S-6. Under 2.0 ◦C
GMST stabilization, the 2100 median local SLR for
New York City is 69 cm (likely 44–98 cm). In figure
2, median local SLR under the 2.0 ◦C scenario (SL50
) shifts the expected historic ESL event return curve
to the right (i.e. N(z), the heavy gray curve, becomes
N+SL50 2.0 ◦C, the dashed green curve) and increases
the expected annual number of historical 10 year ESL
events from 0.1/year to∼10/year. However, when both
the uncertainty in the GPD fit and the SLR projec-
tions are considered in the calculation of the projected
future ESL event return curve (i.e.N𝑒 2.0

◦C; the heavy
green curve), the expected frequency of the current
10 year ESL event increases from 0.1/year to 36/year
(i.e. 3/month, on average). GHG mitigation that
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Figure 2. Top left: 2100 SLR (cm; relative to 2000) for New York City, USA, under 1.5 ◦C (blue), 2.0 ◦C (green), and 2.5 ◦C (orange)
GMST stabilizations. Gray bars are median, heavy colors are 17/83 percentile and light shading is 5/95 percentile. Top middle: ESL
event return curves for New York City indicating the relationship between the expected number of ESL events per year and ESL height
(m aboveMHHW) for: 1) historical conditions (gray curves) and 2) year 2100 under both different GMST stabilizations (blue = 1.5 ◦C,
green = 2.0 ◦C, orange = 2.5◦C) and consideration of local SLR uncertainty (dotted curves consider median SLR only (i.e. a fixed offset
fromN,N+ SL50); solid curves (Ne) incorporate local SLR projection uncertainty by integrating across both the entire SLR probability
distribution and GPD parameter uncertainty; blue, green, and orange colors are the 1.5 ◦C, 2.0 ◦C, 2.5 ◦C scenarios, respectively). The
thick gray curve is the expected historical ESL height return curve (N) that incorporates the uncertainty in the GPD parameter fit,
open gray circles are observed ESL events from the tide gauge record, and thin grey lines are the historical ESL height return curves for
the 17/50/83 percentiles of the GPD parameter uncertainty range (dotted/solid/dotted lines, respectively). The shape of theNe curve
varies by location in part because both local SLR uncertainty and the shape of the historical return curve vary by location. Top right:
the expected number of ESL events per year by historical return period for New York City for 2100 under 1.5 ◦C (blue), 2.0 ◦C (green),
and 2.5 ◦C (orange) GMST stabilization. Second row: as for top row, but for Kushimoto, Japan. Third row: as for top row, but for
Cuxhaven, Germany.

stabilizes GMST at 1.5 ◦C reduces projected median
local SLR at New York City to 55 cm (likely 35–78 cm),
and reduces the expected number of current 10 year
ESL events by half (15/year). By 2150, the reduction
in projected 10 year ESL events from the 2.0 ◦C to
the 1.5 ◦C scenario is still ∼50% (99/year reduced to
59/year; table S-4).

Note that the expected number of flood events
and the appearance of kinks in the N𝑒 curves in
figure 2 are sensitive to the way that the high-end
tail of the mean sea level distributions are con-
structed. For example, for sample sizes explored in
this study (<99.9th percentile), this truncation plays
an important role in setting the location of the kinks
in Ne and for sufficiently heavy tailed distributions,
Ne may not converge within this range. Discontinu-
ities in the Ne curves can also arise at the transition
between modeling flood events with two different
distributions. Specifically, expected ESL frequencies

between the historical frequency of the GPD thresh-
old exceedance (i.e. 𝜆) and 182.6 events per year are
modeled with a Gumbel distribution and expected ESL
frequencies greater than 𝜆 are modeled with a GPD
(section 2.4.1). Note that because the uncertainty in
local SLR varies by location, the distance between the
N+SL50 and Ne curves also differs by location.

Sea-level rise will amplify the frequency of all ESL
events, but depending on the shape of the GPD, the
frequency of some ESL events may amplify more
than others (Buchanan et al 2017). For example, by
2100 under a 2.0 ◦C and 1.5 ◦C GMST stabilization,
respectively, median local SLR for Kushimoto, Japan
is projected to be 79 cm (likely 58–103 cm) and 70 cm
(likely 52–92 cm), increasing the respective number of
historical 10 year ESL events from 0.1/year, on aver-
age, to 146/year (AF of 1462) and 128/year (AF of
1277), on average. However, for the same amount of
local SLR, the historical number of expected 500 year
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Figure 3. Maps: the ratio of ESL event AFs for historical 100 year ESL events between a 1.5 ◦C and 2.0 ◦C GMST stabilization target
for the years 2150 (top) and 2100 (bottom). Larger 2.0 ◦C/1.5 ◦C AF ratios indicate where the historical 100 year ESL event occurs
less often under 1.5 ◦C GMST stabilization than 2.0 ◦C GMST stabilization. Histograms: regionally binned ratios of 2.0 ◦C/1.5 ◦C
expected AFs for the historical 100 year ESL event for 2100 and 2150. ‘Small Island States’ are United Nations defined Small Island
Developing States. The list of tide gauges included in each region are given in table S-1 (SI).

ESL events for Kushimoto increases from 0.002/year
to 83/year (2.0 ◦C; AF of 41479) and 57/year (1.5 ◦C;
AF of 28 645). When the shape of the return curve
is log-linear (as occurs when the shape parameter
(𝜉) is zero), ESL events amplify equally across return
periods. For example, by 2100, under 1.5 ◦C, 2.0 ◦C,
and2.5 ◦CGMSTstabilization, respectively,Cuxhaven,
Germany isprojected tohavemedian local SLRof43 cm
(likely 26–65 cm), 53 cm (likely 29–82 cm) and 51 cm
(likely 34–71 cm). The historical 500 year ESL event is
projected to become as or more frequent than the his-
torical 100 year ESL event for all scenarios: 0.01/year
(1.5 ◦C; AF of 5.6), 0.03/year (2.0 ◦C; AF of 13.5),
and 0.01/year (2.5 ◦C; AF of 6.5). Because the shape
factor of the Cuxhaven GPD is close to zero, the his-
torical 10 year ESL event also is projected to amplify
similarly to the 500 year ESL event: 0.6/year (1.5 ◦C;
AF of 5.6), 1.0/year (2.0 ◦C; AF of 13.5), and 0.7/year
(2.5 ◦C; AF of 6.5). For some sites, including Cux-
haven, the AF for the 2.0 ◦C scenario may be greater
than the AF for the 2.5 ◦C scenario. This can be partly
attributed to higher SLR projections in the upper tail
of the 2.0 ◦C probability distribution influencing the
AF calculation.

We assess regional differences in 100 year ESL
event frequency amplification between 2.0 ◦C and
1.5 ◦C GMST stabilization by binning ratios of
2.0 ◦C/1.5 ◦C expected AFs for 2100 and 2150 (figure
3). Bins on the right side of each graph become filled
when there are decreases in the frequency of ESL events
at regional groups of tide gauges from 1.5 ◦C over
2.0 ◦C GMST stabilization, while bins on the left side
of each graph become filled when there are either no
changes or increases in ESL event frequency at stations
from 1.5 ◦C GMST over 2.0 ◦C GMST stabilization.
In general, decreases in the frequency of ESL events

from a 1.5 ◦C GMST stabilization grow as GMSL tra-
jectories between scenarios separate from one another
(table 1). By 2100 and 2150, substantial decreases in
the frequency of ESL events from 1.5 ◦C GMST sta-
bilization are expected in the East and Gulf Coasts
of the United States, where ESL event amplification
between GMST scenarios is reduced by roughly half.
By 2150, smaller contributions from either local ocean
dynamics or GICs in the 2.0 ◦C scenario attenuate
SLR in parts of Europe, leading to lower median
local SLR than from 1.5 ◦C GMST stabilization. Less
local SLR in the 2.0 ◦C scenario causes ESL event fre-
quencies to decrease, relative to the 1.5 ◦C scenario.
We find small decreases or no change in ESL event
frequency from achieving a 1.5 ◦C GMST stabilization
over a 2.0 ◦C GMST stabilization at most tide gauges
located in SIDS, as local SLR projections in these areas
are similar between GMST scenarios (figure 3).

4. Discussion and conclusions

The Paris Agreement seeks to stabilize GMST by
limiting warming to ‘well below 2.0 ◦C above pre-
industrial levels’, but a recent literature review under
the UNFCCC found the notion that ‘up to 2.0 ◦C of
warming is considered safe, is inadequate’ and that
‘limiting global warming to below 1.5 ◦C would come
with several advantages’ (UNFCCC 2015b). However,
the location-specific increases in the frequency of ESLs
illustrate the divergence between local and global per-
spectives on the question of what climate changes are
‘dangerous’. The selection of aGMST target has impor-
tant implications for long-term GMSL rise, ESLs, and
consequently, coastal flooding. Assessing the distri-
bution of impacts of incremental levels of warming
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on ESLs is of relevance to >625million people who
currently reside in low-lying coastal areas (Neumann
et al 2015) and are vulnerable to current and future
ESL events. For countries without the economic and
physical capacity to construct flood protection and
flood-resilient infrastructure—including some recog-
nized by the United Nations as SIDS—local SLR that
results in permanent inundation and unmanageable
floodingmay threaten their existence (Wong et al 2014,
Diaz 2016). The only feasible option for maintaining
habitability for these locations may be the manage-
ment of GMST through international climate accords,
like the Paris Agreement, that govern the long-term
committed rise in GMSL.

Only considering changes to the mean local sea
level, we find that, under median projections, lands
currently home to 5million people will be spared from
being permanently submerged by local mean sea levels
by 2150 under a 1.5 ◦C GMST stabilization compared
to local mean sea levels under the 2.0 ◦C case. This
includes lands in SIDS currently home to 60 000 peo-
ple (table 2). The effects of GMST stabilization on
ESLs varies greatly by region and by historical return
period (e.g. the 10 year versus the 100 year ESL event,
etc). Globally, for the historical 100 year ESL event,
we find that by 2100, the Eastern and Gulf coasts
of the US and Europe could experience substantial
benefits from a 1.5 ◦C GMST stabilization relative
to a 2.0 ◦C GMST stabilization, with ESL frequency
amplification being reduced by about half. However,
while fractional reductions may appear substantial in
some cases, small absolute differences may warrant
similar coastal flood risk management responses. For
instance, for New York City, we estimate the expected
number of historical 100 year ESL events per year
between a 2.0 ◦C to a 1.5 ◦C GMST stabilization is
only two times and one time per year, respectively
(figure 2).

While these data could be used in support of local
probabilistic risk management strategies that intend
to reduce current and future exposure and vulnera-
bility to extreme flood events, some caveats should be
highlighted. First, while our projections carry probabil-
ities, these are not uniquely identifiable probabilities;
ice sheet contributions in particular are deeply uncer-
tain, so unique probability distributions for their future
values do not exist (e.g. Kopp et al 2017). Moreover,
our projections assume linear accelerations of ice-sheet
contributions. Detailed physical models (e.g. Deconto
and Pollard 2016) suggest that these approximations
may fail over the course of the next three centuries.
Rates of ice-sheet contributions may stabilize, or they
may cross critical thresholds leading to non-linear
accelerations. While the results of Deconto and Pollard
(2016) suggest a critical threshold above 2 ◦C leading
to considerably larger Antarctic contributions than at
lower temperatures, estimatesof the existence, location,
and consequences of such thresholds are deeply uncer-
tain. Second, we assume that the frequency of storm

arrivals and their intensity will remain constant—
and thus the Poisson and GPD parameters (section
2.4.1). Changes to storm frequency and severity could
significantly influence future ESL events (e.g. Reed
et al 2015, Emanuel 2013, Knutson et al 2010).
Modifications could be made to include changes in
these parameters with time (Ceres et al 2017). Third,
these are projections of extreme high water at spe-
cific tide gauges and are not regional flood projections.
Future flood projections are dependent on the dynam-
ics of flood propagation, wave action, and future
measures taken to reduce flood risk.

The selection of the level at which to stabilize the
GMST in the coming years will determine the com-
mitted amounts of future GMSL (Clark et al 2016,
Levermann et al 2013). Our projected coastal ESL
impacts through the end of the 22nd century should
be placed in the context of longer timeframes. Sta-
bilization of GMST does not imply stabilization of
GMSL. Regardless of the mitigation scenario chosen,
GMSL rise due to thermal expansion is expected to
continue for centuries tomillennia. Additionally, some
studies suggest that sustained GMST warming above
given thresholds, potentially those as low as 1 ◦C, could
lead to a near-complete loss of the GIS over a millen-
nium or more (Robinson et al 2012). Coincident with
continued GMSL rise will be further increases in the
frequency of historical ESL events and an increasing
number of currently inhabited lands that will be per-
manently submerged. A comprehensive approach to
managing coastal flood risks would take into account
changes on these very long timeframes.
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