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Sea-level rise (SLR) will be one of the major climate change-induced risks of the 21st
century for coastal areas. The large uncertainties of ice sheet melting processes bring
in a range of unlikely — but not impossible — high-end sea-level scenarios (HESS). Here,
we provide global to regional HESs exploring the tails of the distribution estimates of the
different components of sea level. We base our scenarios on high-end physical-based
model projections for glaciers, ocean sterodynamic effects, glacial isostatic adjustment
and contributions from land-water, and we rely on a recent expert elicitation assessment
for Greenland and Antarctic ice-sheets. We consider two future emissions scenarios
and three time horizons that are critical for risk-averse stakeholders (2050, 2100,
and 2200). We present our results from global to regional scales and highlight HESs
spatial divergence and their departure from global HESs through twelve coastal city
and island examples. For HESs-A, the global mean-sea level (GMSL) is projected to
reach 1.06(1.91) in the low(high) emission scenario by 2100. For HESs-B, GMSL may
be higher than 1.69(3.22) m by 2100. As far as 2050, while in most regions SLR may be
of the same order of magnitude as GMSL, at local scale where ice-sheets existed during
the Last Glacial Maximum, SLR can be far lower than GMSL, as in the Gulf of Finland.
Beyond 2050, as sea-level continue to rise under the HESs, in most regions increasing
rates of minimum(maximum) HESs are projected at high(low-to-mid) latitudes, close to
(far from) ice-sheets, resulting in regional HESs substantially lower(higher) than GMSL.
In regions where HESs may be extremely high, some cities in South East Asia such as
Manila are even more immediately affected by coastal subsidence, which causes relative
sea-level changes that exceed our HESs by one order of magnitude in some sectors.

Keywords: sea-level rise, high-end scenario, projections, climate change, coastal areas, risk-averse stakeholders

INTRODUCTION

Since the late 19th century, global mean sea-level (GMSL) has increased due to the effects
of anthropogenic warming (Slangen et al., 2016; Dangendorf et al., 2019). GMSL accelerated
from 1.4 mm/year over the 1901-2009 to 3.6 mm/year over 2006-2015 (Oppenheimer et al,,
2019). It now reaches a rate of 4.6 mm/year according to the latest altimetric measurements'.

Uhttps://www.aviso.altimetry.fr/en/data/products/ocean-indicators- products/mean- sea-level/products-and-images-
selection-without-saral-old.html
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Regardless of future emissions, GMSL will continue to rise
and further accelerate over the next decades (Church et al,
2013), making sea-level rise (SLR) potentially one of the major
climate change-induced risks of the 21th century for coastal areas
(Nicholls and Cazenave, 2010).

In absence of well-defined adaptation plans and even with the
Paris agreement being implemented to maintain global warming
below the 2°C threshold, coastal societies will experience
profound consequences (IPCC, Intergovernmental Panel on
Climate Change [IPCC], 2018). SLR will threaten settlements
and ecosystems of low-lying land and islands, where 10% of the
world’s population lives (Intergovernmental Panel on Climate
Change [IPCC], 2014, 2019). Densely populated coastal areas
will be in particular affected by permanent inundation due
to long-term SLR, superimposed on coastal flooding caused
by storm surges (Intergovernmental Panel on Climate Change
[IPCC], 2019). To address this threat, coastal decision-makers
such as coastal engineers for infrastructure design and land use
or coastal policy-makers, and planners, have a strong need for
regional to local sea-level changes information to assess risk and
plan context-specific adaptation measures (Nicholls et al., 2014;
Hinkel et al., 2015, 2019; Le Cozannet et al., 2017b).

At regional and local scale, SLR rate and magnitude may
substantially differ from GMSL because of multiple mechanisms
driving the spatial variability: atmosphere/ocean dynamics, the
changes in Earth gravity, Earth rotation and viscoelastic solid-
Earth deformation (GRD, Gregory et al., 2019) induced by the
mass redistribution on the height of the geoid and the Earth’s
surface and the glacial isostatic adjustment (GIA). All the physical
processes inducing global through regional to local SLR include
considerable uncertainties, especially beyond 2050 (Church et al.,
2013). The lack of detailed knowledge about future greenhouse
gas (GHG) emissions and our limited understanding of physical
processes controlling future mass loss from the Greenland ice-
sheet (GrIS) and the Antarctic ice-sheet (AIS) embody the largest
uncertainties, in particular for long-term projections of SLR
(Ritz et al.,, 2015; Intergovernmental Panel on Climate Change
[IPCC], 2019).

At local scales, subsidence induced by sediment compaction
following anthropogenic groundwater and hydrocarbon
withdrawal, for example, constitutes another uncertainty source
as future demographic pressure on water and hydrocarbon
remains uncertain (Church et al., 2013). In addition, apart from
raising uncertainties, the climate driven SLR has sometimes
lower impact where local subsidence is larger and more studied,
such as for deltas, sedimentary lowlands (Tessler et al., 2018), or
some coastal cities practicing groundwater withdrawal such as
Jakarta (Nicholls et al., 2021).

Over the 20th century, GMSL was driven by the ocean thermal
expansion due to warming water and ice mass loss caused
by melting of glaciers (Marzeion et al., 2012) and ice-sheets
(Shepherd et al., 2012). Sea-level change due to dam construction
and groundwater withdrawal had a less important impact, but
potentially not as minor as previously thought (Frederikse et al.,
2020). During the 21th century, it is expected that the total
contribution of ice-sheet and glaciers melting will be the main
contribution to GMSL, while the thermal expansion will continue

to increase (Intergovernmental Panel on Climate Change [IPCC],
2019). Since the publication of the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (Intergovernmental
Panel on Climate Change [IPCC], 2013, hereafter IPCC AR5),
the observations of GMSL and the understanding of physical
processes that control SLR have progressed substantially. This
is true in particular, for ice-sheets modeling (Nowicki et al,
2016; Nowicki and Seroussi, 2018) and observations of mass
loss in Antarctica in recent decades (Shepherd et al., 2018;
Rignot et al., 2019).

By 2100, IPCC AR5 has projected a likely range — defined as a
probability exceeding 66%, (Mastrandrea et al., 2011) — of GMSL
ranging from 0.28/0.52 to 0.61/0.98 m under Representative
Concentration Pathways (RCP)2.6/8.5 (Church et al., 2013).
The likely range is defined differently in the sea-level chapter
of the IPCC Special Report on Ocean and Cryosphere in a
Changing Climate (Intergovernmental Panel on Climate Change
[IPCC], 2019, hereafter SROCC), as the 17-83% probability
range (Oppenheimer et al., 2019). Both definitions recognize
the possibility for future sea-levels to exceed the projected likely
range, the associated probability being up to 33% according to
IPCC AR5, and 17% for SROCC.

Lastly, several publications are now considering the high-
end tails of the probability of future SLR (Kopp et al., 2014;
Grinsted et al., 2015; Carson et al., 2016; Jackson and Jevrejeva,
2016; Slangen et al.,, 2016; Le Bars et al., 2017; Le Cozannet
et al., 2017a; Stammer et al., 2019; Thiéblemont et al., 2019). The
upper tail of the distribution is considered useful information
for stakeholders interested in the high-end sea-level scenarios
(HESs), that is decision-makers with low-uncertainty tolerance
(hereafter, risk-averse stakeholders), such as managers of critical
infrastructures like coastal cities, ports, coastal cultural heritage,
chemical industries, or nuclear plants (Reimann et al., 2018;
Hinkel et al., 2019). This brief review shows that the concept
of HESs is now well defined and established, and that high-
end scenarios for SLR are now accessible for components
contributing to sea-level changes such as AIS (e.g., Bamber
et al,, 2019, B19 hereafter). However, regional maps of HESs
are not yet available, or, those already published remain limited
to specific geographical regions (e.g., Thiéblemont et al., 2019).
This prevents the stakeholders mentioned above from accessing
science-based high-end scenarios in their regions.

The present work contributes to filling this gap by assessing
the regional implications of the recent study of B19 assessing
ice-sheet melting scenarios based on expert elicitation
together with physical-based model projections for glaciers,
ocean sterodynamic effects, glacial isostatic adjustment and
contributions from land-water. We estimate global to regional
HESs for two future emissions scenarios as defined in B19 and
three critical time horizons (2050, 2100, and 2200) in order to
address risk-averse stakeholders information needs for periods
ranging from next decades (e.g., urban planners, city engineers,
coastal managers) to 100 years or more (e.g., cultural heritage,
coastal nuclear power decision-makers). We put a particular
emphasis in highlighting regional HESs discrepancies and their
divergence from global HESs through 12 coastal city and island
examples (Figure 1) that differ from their distance to ice-sheets,
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FIGURE 1 | Regional sea-level change (m) in 2100 relative to 1986-2005 in RCP8.5. The selected sites for discussing regional scenarios are represented by the blue
circles. Each value for each grid cell corresponds to the upper-end of the likely range obtained from sea-level projections provided by the Integrated Climate Data
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which is one of the most uncertain control on the regional
distribution of sea-level change. We then discuss our results in
general terms and provide confidence in our global to regional
HESs for the benefit of local risk-averse stakeholders.

METHOD: APPROACH FOR ASSESSING
HESs CHANGE

General Approach

High-end sea-level scenarios are defined as unlikely (low
probability), but possible, scenarios for future sea-level changes
(Jevrejeva et al., 2014). Approaches to estimate HESs use various
lines of evidence (Stammer et al.,, 2019). The most common
approach is a probabilistic framework combining emission
scenarios from the IPCC (RCPs) and estimates from simulation
of the individual components of sea-level change based on a
model selection and assumptions on ice-sheets contributions
(Jevrejeva et al., 2019). However, relying on the highest quantiles
of probabilistic sea-level projections is not always an appropriate
method to estimate HESs, especially when the upper quantiles
do not necessarily match the outcomes of processes not taken
into account in the physical modeling of future sea-level changes.
For example, relying on the upper quantiles of a distribution of
the future Antarctic contribution to SLR assuming the marine
ice-sheet instability (MISI) cannot quantitatively reflect the
possibility of the marine ice-cliffs instabilities (MICI) (DeConto
and Pollard, 2016; Kopp et al., 2017; Jevrejeva et al., 2019). In
such cases of recognized ignorance, expert elicitation has been
proposed as a way to overcome this difficulty (Bamber and
Aspinall, 2013; B19).

Here, we use a combination of physical-based models and
expert elicitation evidence, as illustrated in Figure 2. Our major
goal is the regionalization of future sea-level changes as well as
highlighting departure from GMSL for two emission scenarios

and for three critical time horizons. We combine the projections
for sterodynamic, glaciers, GIA and land water storage (LWS)
from physical-based models with the future GrIS and AIS
contributions from the last updated expert elicitation estimates of
B19. Our projections are high-end because we consider the upper
quantiles of these physical-based models or expert elicitations.
Hence, the selection of expert-elicitation or physical models is
guided by our motivation to select high-end scenario. Specifically,
we distinguish two cases:

- if is no specific reason to consider a high-end well
above the projected contribution (e.g., sterodynamic or
glacier components), we rely on the high quantiles of the
distribution (83rd and 95th percentiles).

- if some experts consider that high ends well above the
projected contribution can be possible (e.g., Antarctica and
Greenland ice melting), we consider the higher quantiles
of an authoritative structured expert-elicitation of future
ice-sheets melting to SLR.

The structured expert judgment estimate of B19 has the
advantage to introduce non-Gaussian uncertainty into the tails
of GrIS and AIS contributions, taking into account physical
processes that are not necessarily represented by all ice-sheet
models. We construct HESs for the two emissions scenarios
from B19, the low emission scenario slightly warmer than
RCP2.6 from IPCC AR5 and the high emission scenario almost
as warm as RCP8.5 from IPCC AR5. We assume the low
and high emission scenarios to be the same as RCP2.6 and
RCP8.5 scenarios with regard to glaciers and sterodynamic
contributions to global sea-level change. B19 do not account
for the large temperature uncertainty from each RCP, and they
assume temperature stabilization at 5°C for their high scenario,
which can be considered optimistic in terms of climate forcing
(Collins et al., 2013). Yet, their ice-sheets melting projections
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FIGURE 2 | Scheme of our general approach for assessing global to regional and local HESs. Blue boxes display high-end design choices that can be adjusted

belong to the highest in the published literature, and can therefore
be considered high-end.

We first build two HESs for GMSL combining each sea-level
change contribution: HESs- A based on the upper-end of the likely
range (83rd percentile) and HESs-B based on the upper-end of
the 90% confidence level (95th percentile) of the distribution
estimates of the different components of sea-level change. We
do not pretend that summing 95th(83rd) percentiles for each
component results in 95th(83rd) percentile projection: this would
be true only for fully correlated components. We just take
these percentiles to derive a HESs scenario, without providing
a probability associated to it, as in Jevrejeva et al. (2014). The
probability of these scenarios is low, but it cannot be quantified
because we do not know the dependencies between contributions
(Le Bars, 2018).

We then regionalize HESs following the method of Slangen
etal. (2014): we sum the regional sterodynamic term, the regional
sea-level equivalent (SLE) change from barystatic-GRD using
fingerprint, a constant geographical pattern which generates the
spatial sea-level variability induced by the mass redistribution on
the Earth (see Supplementary Material for more details), and the
regional GIA-induced sea-level change. While fingerprints will
evolve over time or for varying temperature, and also depending
on the exact source of melting (Meyssignac et al.,, 2017), we
assume that they do not change over time as a first approximate,
following previous studies (Slangen et al., 2014).

Sterodynamic Component

We use the thermal expansion projections of Kopp et al. (2014).
These projections are based on a subset of 29 CMIP5 GCMs
and result in a larger thermal expansion than that provided by

the 21 CMIP5 GCMs used for the IPCC AR5 (Church et al,
2013). Note that the 29 CMIP5 GCMs of Kopp et al. (2014)
comprise all the 21 CMIP5 GCMs of the IPCC AR5. The thermal
expansion projections of Kopp et al. (2014) have the advantage
to extend until 2200. Yet, the number of sterodynamic CMIP5
model outcomes drops from 29 to 6 models between 2100 and
2200 for the RCP8.5 scenario and from 20 to 6 models for the
RCP2.6 scenario (see details in Kopp et al., 2014). The substantial
difference in the number of models leads to a small discontinuity
and a variance reduction at the start of the 22nd century. We
select two high-end scenarios: HESs-A corresponds to the upper-
end of the multi-model likely range (83rd percentile) from Kopp
et al. (2014), while HESs-B corresponds to the 95th percentile
(see values in Table 1). Our estimates for the sterodynamic
component are slightly higher than the 83rd percentile of SROCC
projections (Oppenheimer et al., 2019), and therefore can be
considered high-end.

To produce the regional SLR of the sterodynamic
contribution, we use the spatial patterns of ocean dynamic
sea-level changes of the IPCC AR5 models. This relies on
the assumption that the regional variability of sea-level
sterodynamic projections is driven by the same mechanisms
in Kopp et al. (2014) and for the IPCC ARS5, as suggested by
Couldrey et al. (2021).

Only a subset of climate models deliver information in semi-
enclosed seas, which leads to significant differences on both sides
of the strait of Gibraltar (West-Atlantic and Mediterranean seas)
and Danish Straits (North and Baltic seas), for example. Hence, to
eliminate these potential sources of errors in HESs, we constrain
the sterodynamic component within each semi-enclosed basin
with that of the oceanic area, where all models are available,
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TABLE 1 | (A) Global mean sea-level changes (m) in the low emission scenario by 2100 relative to the end of the 20th century of each sea-level contribution for (left) the
IPCC AR5/SROCC upper-end of the likely range (83th percentile), (middle) HESs-A and (right) HESs-B.

(A) Low emission scenario ~ RCP2.6 IPCC AR5/SROCC (m) (83rd

HESs-A (m) (83rd HESs-B (m) (95th

percentile in RCP2.6)*1 percentile) percentile)

Year Component 2050 2100 2200 2050 2100 2200 2050 2100 2200
Thermal expansion 0.14! 0.20? - 0.14% 0.26* 0.40% 0.16° 0.31% 0.40°
Glaciers 0.09' 0.162 - 0.084 0.15% 0.20* 0.09° 0.17° 0.30°
Greenland 0.05 0.142 - 0.116 0.316 0.796 0.187 0.577 1.497
Antarctic (WAIS + EAIS) 0.06' 0.18°% - 0.088 0.278 0.868 0.27° 0.56° 1.529
Land water storage 0.03! 0.112 - 0.0310 0.0719 0.16'9 0.03" 0.08" 017"
GMSL 0.3712 0.80'2 - 0.4412 1.06'2 24112 0.7312 1.6912 3.09812
(B) High emission scenario ~ RCP8.5 IPCC AR5/SROCC (m) (83rd HESs-A (m) (83rd HESs-B (m) (95th

percentile in RCPS.{";)*2 percentile) percentile)

Year Component 2050 2100 2200 2050 2100 2200 2050 2100 2200
Thermal expansion 0.16" 0.392 - 0.16% 0.46% 1.10% 0.19° 0.52% 1.20°
Glaciers 0.10° 0.26° - 0.094 0.214 0.40% 0.10° 0.245 0.40°
Greenland 0.07" 0.312 - 0.146 0.600 1.226 0.277 0.997 2.167
Antarctic (WAIS + EAIS) 0.06' 0.352 - 0.128 0.578 1578 0.259 1.399 7.229
Land water storage 0.041 0.112 - 0.0310 0.0710 0.16'9 0.03" 0.08" 017"
GMSL 0.43"2 1.4212 - 0.5412 1.9112 4.4512 0.84"2 3.2212 11.1512

(B) The same than (A) but in the high emission scenario. All values are rounded at two significant digits beyond the decimal point. See text for details.

*7Ffough/y equivalent to the low emission scenario in B19.

“?Roughly equivalent to the high emission scenario in B19.

1[ICDC] http://icdc.cen.uni-hamburg.de/1/daten/ocean/ar5-sir.html.
2IPCC ARS.

SSROCC.

4Based on the upper-end of the 17-83% probability range (defined as the likely range in IPCC ARS5) in Kopp et al. (2014).

5Based on the upper-end of the 5-95% probability range in Kopp et al. (2014).
6Based on the upper-end of the 17-83% probability range in B19.
’Based on the upper-end of the 5-95% probability range in B19.

8Based on the AIS sum (WAIS + EAIS) of the upper-end of the 17-83% probability range in B19.
9Based on the AIS sum (WAIS + EAIS) of the upper-end of the 5-95% probability range in B19.

"0Based on the upper-end of the 17-83% probability range in Nauels et al. (2017).
""Based on the upper-end of the 5-95% probability range in Nauels et al. (2017).
2Sum of the percentile values for each of the different terms.

as in Thiéblemont et al. (2019). This approach is supported by
studies analyzing the processes governing multi-decadal sea-level
changes e.g., in the Baltic Sea (Weisse et al., 2019).

Barystatic-GRD Components

Glaciers

The glaciers projections are obtained combining process-based
glacier models and output (precipitation and temperature)
projections from CMIP5s AOGCMs (Slangen and van de Wal,
2011). By 2100(2050), IPCC AR5 estimated an upper-end of
the likely range of 0.16(0.1) m for RCP2.6 and 0.26(0.11) m for
RCP8.5. Lower upper-end of the likely range projections were
estimated by Marzeion et al. (2012) with 0.15 m from non-
Antarctic glaciers by 2100 for RCP2.6 and 0.21 cm for RCP8.5.
More recent modeling estimates by Huss and Hock (2015),
also project slightly lower glacier mass losses than IPCC AR5
(Slangen et al., 2017). Given these slight differences in glacier
mass loss projections between IPCC AR5 and updated studies,

we opt for the Marzeion et al. (2012) projections by 2100,
also used in Kopp et al. (2014) who provide in addition the
projections of glaciers and GMSL for 2050 and 2200. Similarly
to oceanographic process, GCM-based model projections of
glacier contribution rely on a significantly reduced number
of models after 2100 (Kopp et al, 2014). Here again, this
limitation is considered by rounding 22nd century projections
to the nearest decimeter. HESs-A for the glaciers contribution
is defined using the upper-end of the multi-model likely range
(83rd percentile) of Kopp et al. (2014), while HESs-B is defined
as the upper-end of the 90% confidence level under normality
hypothesis (95th percentile). Our glacier’s SLE estimates for
each emission scenario, each HESs and each time horizon
retained, are listed in Table 1. Because our estimates of the
Glacier contribution to SLR are close to the 83rd percentile
of SROCC projections (Oppenheimer et al.,, 2019), they can
be considered as a realistic high-end. The regional SLR of the
glaciers contribution is obtained from the fingerprint of glaciers
sea-level changes used in IPCC AR5, and provided by the
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Integrated Climate Data Center (ICDC) of Hamburg University
(Carson et al., 2016).

Ice-Sheets

GrIS and AIS are the planet’s ice-sheets and contain more than
65% of the Earth’s freshwater (Church et al., 2013). AIS is larger
than GrIS and contains about eight times more ice than the
latter, corresponding to 58.2 against 7.3 m SLE (Church et al,,
2013). Considering a complete melting of both ice-sheets, GMSL
would rise by roughly 65 m relative to present-day (Alley et al.,
2005). While such a dramatic global SLR is excluded within the
coming centuries (Pfeffer et al., 2008), both ice-sheets are losing
mass, increasingly faster (Rignot et al., 2011; Shepherd et al.,
2018). By 2100 and beyond, ice-sheets will continue to melt, even
with strong mitigation measures to maintain global warming
under 2°C relative to preindustrial global temperatures. Sea-level
change driven by mass transfer from ice-sheets melting to the
ocean can be explained through two physical processes which are
the surface mass balance (SMB) and the dynamic effect (DYN).
The former corresponds to the sum of accumulation and ablation
driven by atmospheric processes and is quite well understood,
while the latter is driven by changes in the dynamical discharge
of glaciers and marine ice-sheets.

IPCC AR5 estimated that by 2100 the upper-end of the likely
range of GrIS’s melting would be 0.28(0.01) m under RCP8.5(2.6)
scenario, controlled by SMB by roughly two thirds. Since IPCC
AR5, GrIS contribution to sea-level change has been slightly
reevaluated (Fiirst et al., 2015; Vizcaino et al., 2015), generally
suggesting future Greenland ice dynamic losses are self-limited,
although potentially substantial in marine terminating glaciers
of west Greenland (Choi et al., 2021). SROCC estimates of
GrIS’s contribution to future sea-level are the same as those
reported in IPCC ARS.

The AIS contribution to sea-level change is broadly and
vigorously debated in the literature (SROCC). The associated
uncertainties are the largest and strongly depend on the
understanding of DYN processes which trigger ice-sheet mass
loss and their evolution under global warming. The two
mechanisms involved are MISI, probably underway in West-
Antarctica (Joughin et al., 2014; Rignot et al., 2014), and MICI,
which has not been observed in Antarctica in the modern era,
and whose contribution to past sea-level changes during previous
interglacial is debated. It is unsure that MICI can be initiated
during the 21st century (DeConto et al., 2019). Recently, SROCC
reassessed upward the upper-end of the likely range of AIS
contribution to GMSL: 0.37 m by 2100 under RCP8.5, against
the 0.19 m provided by IPCC ARS5, but this does not include
a potential onset of MICL Yet, if MICI is initiated during the
21st century, the ice-sheet of Antarctica may contribute by 0.8
(Edwards et al., 2019) or 1 m (DeConto and Pollard, 2016) in
2100, well above the projections of SROCC.

Here, we use the most recent elicitations-based projections of
B19 on ice-sheet contributions, which give an upper-end of the
likely range at 0.31(0.60) m by 2100 for the low(high) emission
scenario. B19 report that their results have probably been
influenced by expert reflecting the following research results: (1)
paleo-evidences showing the sensitivity of the Antarctic ice-sheet

to CO; changes during past interglacial; (2) recent results of MICI
(3) the warming trends in arctic and increasing contribution of
Greenland to SLR since two decades, which experts have assumed
being a consequence of external forcing in the B19 study. As
a consequence, the uncertainties of B19 projections are revised
upwards compared to Bamber and Aspinall (2013). HESs-A for
the ice-sheets melting contribution is defined using the upper-
end of the likely range (83rd percentile) from B19, while HESs-B
is defined as the upper-end of the 90% confidence level under
normality hypothesis (95th percentile) (Table 1). As noted in
section “General approach,” the temperature assumptions in B19
are optimistic in the sense that they assume a stabilization at 5°C
after 2100. Yet, Table 1 shows that their 95th percentile reaches
1.39 m for 2100, which is comparable to the results of DeConto
and Pollard (2016) for RCP8.5 (1.14 =+ 0.36 m). Hence, the B19
scenarios can be considered high-end.

B19 provided the total GIS contribution and separated the
West Antarctic ice-sheet (WAIS) contribution from that of the
East Antarctic ice-sheet. In IPCC ARS5, the regional SLR of the
ice-sheet contributions is obtained using the fingerprint of ice-
sheet sea-level changes, using a separate fingerprint for the DYN
effects and for the SMB effects. Here, we compute SLR of the ice-
sheet contributions using both fingerprints used in IPCC AR5 for
both ice sheets, thus assuming that melting is not uniform on
the ice-sheet but that melting will be more prominent in West
Antarctica and West Greenland. Specifically, we assign a weight
of 0.33 to the fingerprint centered on West-Greenland and above
0.75 to the fingerprint centered on West-Antarctica (precise value
for West-Antarctica, as in B19). Different assumptions on the
precise location of melting would result in large differences in sea-
level change scenarios close to the ice-sheet, but small differences
far from it, where most people live.

Land Water Storage (LWS)

This contribution to SLR is driven by two major processes:
the water impoundment, which contributes to mitigate SLR,
and groundwater depletion which increases SLR. Projected
anthropogenic LWS contribution to SLR and associated
uncertainties are under debate due to incomplete process
understanding (Konikow, 2011; Pokhrel et al., 2012; Wada et al.,
2012, 2016; Church et al., 2013; Frederikse et al., 2020). Since
the late 20th century, water storage contribution has decreased
(Gregory et al, 2013), embodying groundwater depletion as
the main anthropogenic LWS contribution to SLR over the
21st century and beyond. Since the IPCC AR5 projections
which considered a 0.11 m SLR due to groundwater overuse,
Wada et al. (2016) revised estimates assessing that previous
studies overestimated groundwater depletion contribution to
SLR without considering that only ~80% of annually depleted
groundwater ends up in the oceans, reducing the Wada
et al. (2012) SLR contribution estimates from groundwater
depletion by 20%.

We use the LWS projections of Nauels et al. (2017). These
projections are based on the approach used by Wada et al. (2012),
corrected by the 20% fraction of depleted groundwater that does
not end up in the global ocean (Wada et al, 2016), adding
extended projections up to 2200 considering the 30-year average
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annual depletion rate for the period 2071-2100. To do so, Nauels
et al. (2017) assumed that human water use and groundwater
extraction will carry on beyond 2100.

As in previous studies, we assume that LWS contribution to
SLR is climate emission scenario-independent as differences are
insignificant by the end of the 21st century, uncertainties are large
together and processes at play beyond 2100 are underdetermined
(Church et al., 2013). Our LWS’ SLE estimates for each HESs
and time horizon are listed in Table 1. They are comparable to
the 83rd percentile in SROCC projections, and can therefore be
considered high-end. The regional SLR of the LWS contribution
is obtained from the fingerprint of LWS sea-level changes used in
IPCC ARS5, and provided by ICDC.

Glacial Isostatic Adjustment (GIA)

Within IPCC AR5, GIA uncertainties are taken into account
using two different GIA models (Church et al., 2013), whereby
the best estimate is the mean of the two models and “one standard
error of the GIA uncertainty is evaluated as the departures of
the two different GIA estimates (from ICE-5G and ANU/SELEN
models) from their mean value” (Church et al., 2013). Here, the
GIA-induced regional sea-level change is defined for the HESs-A
as the 1*standard deviation around the mean, and for the HESs-B
as 1.7*regional standard deviation around the mean (i.e., upper-
end of the 90% confidence level under normality hypothesis).
GIA projections for the 22nd century are obtained by linearly
extrapolating the 21st century values.

RESULTS

This section presents our resulting HESs as a function of
emission scenarios and time horizons (Tables 2, 3 and Figure 3).
Supplementary Figure 3 allow to illustrate more precisely global
patterns relative to GMSL.

Global HESs

Under the low and high emission scenarios, both global HESs-
A and HESs-B are larger than most of the values discussed in
recent publications providing global HESs, regardless of the time
horizon (Table 2). Although our global HESs estimates are built
upon the same evidence as B19, they are substantially larger.
This is because these authors assume dependencies between the
various processes, so that the total ice-sheet contribution is not
simply the sum of each ice-sheet contribution. Here, in contrast
to the approach of B19, we explore global HESs that are not
associated with any precise probability.

In 2050, HESs-A provides a GMSL roughly the same as B19
for both, low and high, emission scenarios, while HESs-B projects
a 0.73(0.84) GMSL in the low(high) emission scenario, that is
approximately 25% larger than B19. In 2100, for HESs-A, in the
low(high) emission scenario, we found HESs values for GMSL
that reach 1.06(1.91) m that is approximately 10% larger than
in B19, while for HESs-B GMSL may increase up to 1.69(3.22)
m that is approximately 25% larger than in B19. However, in
the high emission scenario Kopp et al. (2017) and Le Bars et al.
(2017) found a higher global HESs than our HESs-A. In fact,

these two studies both included MICI from DeConto and Pollard
(2016), that is, the largest GrIS and AIS melting projected so far
by means of ice-sheet melting modeling. Hence, while the 1.69 m
GMSL suggests that HESs could be relevant even for low emission
scenarios, the 3.22 m GMSL is consistent with studies assuming
possible rapid melting processes induced by MICI (DeConto
and Pollard, 2016) that could cause a GMSL rise exceeding 1 m
by 2100 (SROCC). Our results are slightly higher than those
of Jevrejeva et al. (2014), who used a similar method: this is
because we use different assumptions for the thermal expansion
and glacier contributions, and also because their study relied on
the previous expert elicitation from Bamber and Aspinall (2013).
In 2200, GMSL may increase up to 2.41(4.45) m for HESs-A and
3.98(11.15) m for HESs-B in the low(high) emission scenario.
These values are far larger than SROCC projections by the end
of the 22nd century. They are also substantially larger than the
SLR projections of Kopp et al. (2014), whose highest quantiles
were constrained by the previous expert elicitation conducted
by Bamber and Aspinall (2013). However, in the high emission
scenario Le Bars et al. (2017) found a higher global HESs than our
HESs-A, as they include MICI from DeConto and Pollard (2016).

From Global to Regional HESs

In this sub-section, we describe the spatial divergence of HESs
and the regional contributions to HESs for two large areas
(the northern Atlantic, Figure 4, and the south-eastern Pacific,
Figure 5), as they show both important sea-level change gradients
and host highly inhabited coastal cities, lands and islands (e.g.,
Amsterdam, Dakar, Le Havre, New Orleans, New York, Papeete,
and Stockholm). While the coastal areas around the Indian
Ocean, the north-eastern Pacific and the western Pacific also host
inhabited coasts and islands, we choose not to describe them as
they show a more homogeneous sea-level change pattern (see
Figure 3 which displays sea-level spatial distribution at global
scale). As the patterns for both emission scenarios are fairly
similar (with lower values in the low emission scenario, see
Figure 3A), we only discuss HESs spatial distribution in the high
emission scenario. Supplementary Figures 1, 2 allow to illustrate
more precisely regional patterns relative to GMSL.

As time goes by and as HESs get worse, the northern
Atlantic(south-eastern  Pacific) displays an increasingly
important southwest-northeast(south-north) sea-level change
gradient (Figures 4, 5). Both regions show increasing rates of
minimum(maximum) SLR at high(low-to-mid) latitudes, close
to (far from) ice-sheets, resulting from the redistribution of
ice mass from land to ocean. As a consequence, HESs values
are substantially lower than GMSL in the vicinity of ice-sheets,
regardless of time horizon. This is an obvious consequence of the
gravitational effects associated to ice-sheet mass losses (Spada
etal., 2013), which are larger here than in previous studies due to
the more substantial amount of mass losses in ice-sheets involved
by high-end scenarios. Hence, HESs display spatial variability
mostly due to the sterodynamic contribution, ice-sheets melting
and the GIA effects (Slangen et al., 2014). Here, we detail the role
of each sea-level contribution.

High-end sea-level scenarios patterns in the northern Atlantic
result from several main processes (Figure 4). First, the
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TABLE 2 | Global HESs (m) as provided in selected recent publications and in the present work.

Emission scenario Low ~ RCP2.6 High ~ RCP8.5

Global HESs (m) HESs-A (83rd percentile) HESs-B (95th percentile) HESs-A (83rd percentile) HESs-B (95th percentile)

Year Authors 2050 2100 2200 2050 2100 2200 2050 2100 2200 2050 2100 2200
Present work 0.44 1.06 2.41 0.73 1.69 3.98 0.54 1.91 4.45 0.84 3.22 11.15
Bamber et al., 2019 0.40 0.98 - 0.49 1.26 - 0.47 1.74 - 0.61 2.38 -
Kopp et al., 2017 0.33 0.78 1.61 0.41 0.98 2.06 0.40 2.09 8.96 0.48 2.43 9.62
Le Barsetal., 2017 - - - - - - - 2.38* - - 2.92 -
Jackson and Jevrejeva, 2016 - - - - - - - 0.98 - - 1.18 -
Grinsted et al., 2015 - - - - - - - 1.20 - - 1.83 -
Kopp et al., 2014 0.29 0.65 1.60 0.33 0.82 2.40 0.34 1.00 2.80 0.38 1.21 3.70

No value is given when it has not been directly provided in the publications. Red boxes display the highest GMSL values, while orange boxes indicate when the GMSL
value is higher than ours.*Actually, Le Bars et al. (2017) only provide the 80th percentile of the probability density function.

TABLE 3 | Regional HESs (m) for the selected sites given by HESs-A and HESs-B for each emission scenario and for each time horizons (2050, 2100, and 2200).

Emission scenario Low~ RCP2.6 High ~ RCP8.5

Regional HESs (m) HESs-A HESs-B HESs-A HESs-B

Year Site 2050 2100 2200 2050 2100 2200 2050 2100 2200 2050 2100 2200
Global 0.44 1.06 2.41 0.73 1.69 3.98 0.54 1.91 4.45 0.84 3.22 11.15
Amsterdam 0.41 0.90 1.94 0.73 1.48 3.22 0.50 1.67 3.79 0.77 2.77 10.45
Dakar 0.48 1.09 2.48 0.81 1.77 0.58 1.95 0.90

The Falkland Islands 0.43 0.91 1.78 0.57 1.36 2.96 0.50 1.62 3.04 0.73 2.35 7.04
Le Havre 0.41 0.85 1.86 0.66 1.31 2.96 0.48 1.48 3.55 0.70 2.57 10.04
The Maldives 051 ke 085 - 0.62 -

Manila 0.49 1.13 0.82 0.60

New Orleans 0.48 1.12 4.41 0.58 1.94 .

New York 0.45 1.11 0.55 1.99 0.91

Papeete 0.49 1.15 o0 [HEGEN

Shanghai 0.53 1.08 2.36 1.78 0.62 1.89 -

Stockholm 0.17 0.48 1.10 0.52 1.14 2.52 0.25 1.20 3.14 0.57 2.46 9.85

Colored boxes display when regional HESs are appreciably below GMSL (blue boxes), roughly as large as GMSL (yellow boxes), and appreciably above GMSL (red
boxes). Given the uncertainties in the face of HESs and to highlight local discrepancies from GMSL, we arbitrarily consider a (not) appreciably local SLR value when (not)
differing from GMSL from more than 10 cm. Note that SLR appreciably lower than GMSL can be qualitatively explained when sites are close to ice-sheets, thus less

affected by the changes in Earth Gravity, Earth Rotation, and crustal deformation induced by ice-sheet melting.

sterodynamic component through the combination of the
northward shift of the North Atlantic Current (Landerer et al.,
2007) and a weakening of the meridional overturning circulation
(Yin et al,, 2009), increasing SLR particularly on the northeast
coast of the United States. Second, the ice-sheets contributions,
decreasing(increasing) SLR close to (far from) ice-sheets, and
the GIA contribution acting on vertical ground motions in
regions where large ice-sheets existed during the LGM. While
in Scandinavia GIA induces high rates of uplift, the region of
the Chesapeake Bay in the East-US coast undergoes substantial
subsidence. As a consequence, as time passes by and HESs
worsen, SLR in the northeast coast of the United States might be
not only larger than GMSL, but also higher than SLR along other
northern Atlantic coasts, such as the European and east African
coasts. SLR in northern Europe (e.g., around the Gulf of Finland)

is lower due to the effects of GIA (Figure 4). Over the Arctic,
HESs show higher SLR values (Figure 4).

As to the south-eastern Pacific, Slangen et al. (2014) described
the south-north sea-level change gradient — a meridional gradient
across the Antarctic Circumpolar Current — as the result of
several main processes. First, the combination of low thermal
expansion coefficients regarding colder temperatures in the
extreme south and a strengthening and southward shift of
the Antarctic Circumpolar Current in response to increasing
CO2 emissions. Second, the West AIS dynamic, which leads to
drastic SLR gradients from south to north in the South America
continent (Figure 5). As a consequence, in 2100 and for HESs-B,
for example, at the southern tip of Chili SLR might be lower by
more than 1 m than the 3.22 GMSL, whereas in northern Chili
SLR might equal GMSL (Figure 5). Yet, the actual values in this
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FIGURE 3 | HESs at global scale for (first row) HESs-A and (second row) HESs-B in (A) the low emission scenario and (B) the high emission scenario. Colors and
contours display SLR (m) by (left) 2050, (middle) 2100, and (right) 2200 relative to 1986-2005. Blue circles represent the selected sites (refer to Figure 1 for the
names) discussing from regional to local HESs.

region are dependent on the location of melting in the Antarctic =~ Table 3. Given the uncertainties in HESs and to highlight local
ice-sheet, an uncertainty which is not accounted for in this study. ~ departure from GMSL, we arbitrarily consider that the difference
between local SLR and GMSL is not appreciable when it differs

. i by less than 10 cm. For example, SLR is appreciably lower than
From Regional to Coastal City and Island GMSL close to ice-sheets.

Scale HESs

For each coastal city and island scale HESs, time horizon 2050
and emission scenario, the reader can refer to both Figure 3 In 2050, for HESs-A in the low/high emission scenario,
displaying sea-level spatial distribution at global scale and SLR does not appreciably differ from GMSL (low emission
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2100, and (right) 2200 relative to 1986-2005. Blue circles represent the selected sites (refer to Figure 1 for the names) discussing from regional to local HESS.
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scenario: 0.44/high emission scenario: 0.54 m) in Amsterdam
(0.41/0.50 m), Dakar (0.48/0.58 m), Djakarta (0.45/0.56 m), the
Falkland Islands (0.43/0.50 m), Le Havre (0.41/0.48 m), the

Maldives (0.51/0.62 m), Manila (0.49/0.60 m), New Orleans
(0.48/0.58 m), New York (0.45/0.55 m), Papeete (0.49/0.60 m),
and Shanghai (0.53/0.62 m), while it may be appreciably lower
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than GMSL for both emission scenarios in Stockholm due to
GIA (0.17/0.25 m). For HESs-B in the low emission scenario,
SLR appreciably differ from GMSL (0.73 m) in the Falkland
Islands (0.57 m) and Stockholm (0.52 m) where it is appreciably
below GMSL. In Djakarta (0.87), the Maldives (0.85 m), New
Orleans (0.86 m), New York (0.83 m), Papeete (0.83 m), and
Shanghai (0.85 m) it appreciably exceeds GMSL. For HESs-B
in the high emission scenario, SLR does not appreciably differ
from GMSL (0.84 m) in Amsterdam (0.77 m), Dakar (0.90 m),
Djakarta (0.91 m), and New York (0.91 m), whereas it may be
appreciably higher than GMSL in the Maldives (0.97 m), Manila
(0.94 m), New Orleans (0.94 m), Papeete (0.95 m), and Shanghai
(0.95 m) and lower than GMSL in the Falkland Islands (0.73 m),
Le Havre (0.70 m), and Stockholm (0.57 m). This result illustrates
that provided there is no additional vertical ground motion
besides GIA, 2050 is a relevant time horizon for local coastal
stakeholders to start considering regional sea-level projections in
their adaptation plans.

2100
For HESs-A in the low emission scenario, SLR may appreciably
differ from GMSL (1.06 m) in Amsterdam (0.90 m), the Falkland
Islands (0.91), Le Havre (0.85 m), and Stockholm (0.48 m). It
may appreciably differ from GMSL (1.91 m) in the high scenario
not only in the latter four sites but also in Djakarta (2.07 m), the
Maldives (2.09 m), Manila (2.03 m), and Papeete (2.05 m).

For HESs-B in the low emission scenario and relative to HESs-
A, discrepancies increase with SLR appreciably differing from
GMSL (1.69 m). These discrepancies include Djakarta (1.85 m),
the Maldives (1.88 m), Manila (1.85 m), New Orleans (1.87 m),
New York (1.84 m), and Papeete (1.89 m). For HESs-B in the
high emission scenario, all the sites may appreciably exceed
(Dakar, Djakarta, The Maldives, Manila, New Orleans, New York,
Papeete, and Shanghai) or be lower (Amsterdam, The Falkland
Islands, Le Havre, and Stockholm) than GMSL (3.22 m).

2200

For HESs-A in the low/high emission scenario, while SLR remains
appreciably lower than the GMSL (2.41/4.45 m) in Amsterdam
(1.94/3.79 m), the Falkland Islands (1.78/3.04 m), Le Havre
(1.86/3.55 m), and Stockholm (1.10/3.14 m), it may appreciably
exceed GMSL in Dakar (only in the high emission scenario,
4.56 m), Djakarta (2.62/4.89 m), the Maldives (2.61/4.77 m),
Manila (2.58/4.63 m), New Orleans (2.61/4.62 m), New York
(2.59/5.05 m), and Papeete (2.63/4.68 m). Regarding Shanghai,
scenarios are not appreciably lower than GMSL in the low
emission scenario and appreciably lower than GMSL in the high
emission scenario.

For HESs-B in the low/high emission scenario, GMSL may
reach 3.98/11.15 m and SLR may appreciably differ in all
locations. Values are higher than GMSL in Dakar (4.16/12.01 m),
Djakarta (4.45/12.57 m), the Maldives (4.43/12.50 m), Manila
(4.40/12.39 m), New Orleans (4.41/12.24 m), New York
(4.22/12.49 m), Papeete (4.51/12.47 m), and Shanghai
(4.14/11.50 m). They are lower in Amsterdam (3.22/10.45 m), in
the Falkland Islands (2.96/7.04 m), Le Havre (2.96/10.04 m), and
Stockholm (2.52/9.85 m).

Regional Contributions to Coastal City
and Island HESs

Figures 6A,B illustrate the different contributions to HESs for
each site by 2050, 2100, and 2200 relative to 1986-2005.

In 2100, for HESs-A and in the low emission scenario
the largest contribution to sea-level changes are caused by
sterodynamic oceanic processes in Amsterdam, Le Havre,
New York, and Stockholm and are dominated by ice-sheets
processes in the others cities. In the high emission scenario, ice-
sheets processes seem to step up and dominate sea-level changes
everywhere except in New York and Stockholm. In the high
emissions scenario, the relative contribution of glaciers to SLR
is more substantial than in the low emission scenario in all
sites. Land water storage and GIA contribute to a lesser extent
to SLR in all sites, except in Stockholm where GIA influences
sea-level change almost at the same rate as oceanic or ice-
sheets processes.

In 2200, for HESs-A in both emission scenarios, sea-level
change would be driven mostly by ice-sheets, and then by
sterodynamic oceanic processes in most of the twelve sites,
except in Stockholm where GIA tends to dominate oceanic
processes and substantially decrease SLR. Glaciers are the fourth
contribution to SLR, except in New Orleans and New-York where
GIA increases sea-level at least equally as important as Glaciers.

DISCUSSION

Limitations

A number of limitations need to be remembered: first, the whole
discussion on HESs comes from limited understanding of ice-
sheet melting processes (Stammer et al., 2019). However, there
is not a consensus in the community of ice-sheet glaciologists
that such large contributions to SLR are physically plausible, as
illustrated by the discussion around the MICI (DeConto and
Pollard, 2016; Edwards et al., 2019). Another difficulty lies in the
projections beyond 2100, which have less confidence than those
applicable during the 21st century due to the lack of knowledge
about GHG emissions.

Some of the choices made for designing our high-end
scenarios can be revised to fit user preference. In particular, we
selected two quantile levels (83th and 95th) to reflect different
degrees of risk aversion (Hinkel et al., 2019; Thiéblemont et al.,
2019), but others may be more relevant. As a caveat, the selection
of a particular quantile level should be made with attention to
the number of samples used to fit the probability distribution
(Wilks, 1941). In other words, there is generally not enough
information in probabilistic projections of sea-level contributions
to realistically evaluate the 99th percentile level. Finally, even if we
have updated the ice sheet-related sea level projections from B19,
we note that we rely on a single probabilistic projection, which
is not sufficient (Jevrejeva et al., 2019). One way forward to go
beyond the limits of this study would be to “involve users with sea
level information providers to co-design appropriate projections,”
as promoted in projects aiming at developing climate services
such as the ERA4CS.

Frontiers in Marine Science | www.frontiersin.org

May 2021 | Volume 8 | Article 569992


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Dayan et al. High-End Scenarios of Sea-Level Rise

A ‘ LOW SCENARIO — HESs-A ‘ ‘ LOW SCENARIO — HESs-B ‘

0
10

Ew S W . = j
$° T 1 ] ] £3
o SEEn Fommme
& H 717
£o s b £
2050 % s [Em]| 58
8 H
& 0 2
s g
@ ?
© ocean W greeniand @ groundwater ‘
©7 0 gacers  m amarcic ® gia o 18 ocean = greeniand  © groundwater
1= I S0 gecers W anarcic @ ga
AM DA D) FA HA MAL MAN NO NW PA SH ST :
AM DA D) FA HA MAL MAN NO NW PA SH ST
< 4 ] <
E” g
e @
g gw
5 £
2100 | ¢ S 3
&~ — = 2
2 = [ ERE
] E ==l el | — i |
8o] — = — — go ==
j@ocen @ greeniand @ groundwater IDoem B gema 3 goudvaer
1 O ghcers W antarctc o <2 O gacers W antarcic
AM DA DI FA HA MAL MAN NO NW PA SH ST R Bk D) P Wk AL BAN BE jai Pk S1 or
=8 _9
E” B
s Py
5 H
fo 5
2200 3 s . !
K] ]
A LLEELLLELTF ﬂgﬁ e =
® ocean ® greenland @ groundwater @ ocean ® greenland @ groundwater
O gacers W anacic @ gia B, B S
AM DA D) FA HA MAL MAN NO NW PA SH ST A DA DI PR A iNAL. NMAN! NO' MW IPE SR iST
‘ HIGH SCENARIO — HESs-A ‘ ’ HIGH SCENARIO — HESs-B ‘
o °
bt -
Ew 1 N 10| EE —= [ Ew
£3 ] 1 = ; Eo
3 | P
g 2
2.9 z
S O lmm L : S o N s
2050 s° B s e
3 H
s 0 ‘&0
a< 82
@ ocen W greenland @ groundwater @ ocean W geeniand @ groundwater
S0 goclers W anacic  ® gia 1 O gaciers @ antarctic
AM DA DI FA HA MAL MAN NO NW PA SH ST AM DA DI FA HA MAL MAN NO NW PA SH ST
- E
£°] E”
P & _:
2100 g 5
£ 5
= 3
H i
° s
& & o]
I8 ocen  ® goenend @ grounawater 8 o (Qionsend B omundveer
o 3 O glaciers W antarctic = gia gacer aninfore
AM DA DI FA HA MAL MAN NO NW PA SH ST AM DA DI FA HA MAL MAN NO NW PA SH ST
| =3
E” g"
®
3 P
2200 H 2
£ 0 s
5 £n
2 T
55!!5@55555555
&
So go —
@ ocean W greenland @ groundwater @ ocean ® greenland @ groundwater
O glaciers W antarctic - gia O glaciers W antarctic - ga
M DR D EAL HA MAC MAN NO: Nw. [PA; iSHL ST AM DA DI FA HA MAL MAN NO NW PA SH ST

FIGURE 6 | Contributions to sea-level change (m) by 2050, 2100, and 2200 relative to 1986-2005 for both HESs in (A) the low emission scenario at left(right) and
(B) the high emission scenario. The X-axis indicates the twelve selected sites: AM (AMsterdam), DA (DAkar), DJ (DJakarta), FA (The FAlkland Islands), HA (Le HAvre),
MAL (The MALdives), MAN (MANila), NO (New Orleans), NW (New York), PA (PApeete), SH (SHanghai), and ST (STockholm). The top of each bar of the histogram
indicates the regional SLR for each site including all the contributions (see Table 3 for detailed values), while each color bar indicates the relative contribution to
sea-level change for each component and are sorted in ascending order. Note that the boundaries of the Y-axis are different for each time horizon.
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Other Drivers of Change

A number of bio-physical and human processes have been
overlooked in this study. For example, coastal hydrodynamic
processes may alter our HESs by up to a few percent (e.g.,
Zhang et al,, 2004, 2017). This can be considered negligible
given the uncertainties surrounding HESs. More importantly,
vertical ground motions such as subsidence or uplift (Nicholls
et al., 2021), coastal sediment losses and accumulation (Toimil
et al., 2020), potential changes in extreme water levels due
to potential storminess, bathymetry or river flow changes, or
human adaptation actions (Oppenheimer et al, 2019), may
locally cause changes in flooding and erosion risks that are larger
than the impacts of the HESs presented above. For example,
while these HESs appear extremely high, especially by 2050 for
high emissions, we recall that subsidence can generate similar
relative sea-level changes: in some coastal areas of Manilla,
groundwater extractions are causing subsidence in the order of
5 cm/year in the north-western coast of the city and 1 cm/year
at the tide gauge close to the city center (Raucoules et al.,
2013). While these processes are highly non-linear in time, they
mean that locally, relative sea-level changes comparable to those
found here in our worst case HESs can happen within 10 years.
Similar issues are known to already happening in other rapidly
developing cities, especially in Southeast Asia, such as Djakarta.
However, the example of Shanghai (Wang et al., 2012) shows
that reducing groundwater extractions or refilling aquifers can
mitigate the phenomenon.

Relevance to Coastal Adaptation

This study can be considered as a step forward compared to
the previous approach consisting in defining high-end scenarios
based on global SLR projections (Purvis et al., 2008; Nicholls
et al, 2014; Le Cozannet et al, 2015; Rohmer et al., 2019).
In fact, we explicitly account for the regional implications of
the high-end ice-sheets melting scenarios that might cause SLR
exceeding the IPPC likely range. Neglecting this effect leads
to underestimating high-end sea-level changes in a number of
places: for example, Figure 3 shows that SLR in 2100 for the
high emission scenario and HESs-B exceeds the global mean
sea-level (GMSL, 3.22 m) in Dakar, Djakarta, the Maldives,
Manila, New Orleans, New York, Papeete, and Shanghai (see
Table 3 for detailed values). While this phenomena can be
qualitatively anticipated based on the fingerprints associated
with ice-sheets melting, in particular, this study provides
quantitative insight.

Recent works suggest that such HESs are particularly relevant
for decision makers and risk-averse stakeholders to implement
informed adaptation measures (Haasnoot et al., 2013; Ranger
et al., 2013; Nicholls et al., 2014). In particular, risk-averse
stakeholders are looking forward to information on high-end
SLR tails of the distribution outside the specified IPPC likely
range (Hinkel et al, 2015, 2019; Le Cozannet et al., 2017a).
Hence, his study potentially brings relevant and context-specific
SLR information to these risk-averse stakeholders (Hinkel et al.,
2015, 2019; Stammer et al., 2019), but also to decision makers
and any coastal end-users. One of the major results of our

work is that the rate of SLR can differ substantially in different
locations (see Figure 3 and Table 3). For example, in the
high emission HESs-B scenario, the Maldives may experience
a rise of sea-level that is comparable to the global mean until
2050. Then, SLR would accelerate substantially, so that sea-
level may exceed GMSL by about 30 cm in 2100 due to
GRD effects associated with mass losses in Antarctica and
Greenland. This type of result can be relevant for adaptation
practitioners considering the timing of adaptation (Haasnoot
et al., 2020). Another important result of this study is the
1.69 m GMSL in 2100 for the HESs-B and in the low emission
scenario (largely above the 0.59 m GMSL given by the upper-
end of the likely range in SROCC), suggesting that HESs
could be relevant even for low emission scenarios (see also
Figure 3A).

Future research in this area may lead to excluding a number of
scenarios that cannot be ruled out today. Meanwhile, risk-averse
users concerned with long term decisions still need guidance
(Hinkel et al, 2019), and may refer to the values presented
in this paper and others (Nicholls et al., 2014; Thiéblemont
et al, 2019). While these HESs are highly uncertain, they
correspond to very high risk of economic, environmental and
very likely human losses, and they deserve some attention
in adaptation planning, as it has already made in several
domains such as nuclear safety (Destercke and Chojnacki, 2008),
food engineering (Baudrit et al., 2009), environmental risk
(Baudrit et al., 2007), or CO2 geological storage-related risk
(Loschetter et al., 2016).

CONCLUSION

This study delivers global and regional HESs. Such scenarios
have a major societal relevance, because they induce either
large adaptation needs, or they imply retreat of coastlines
in highly vulnerable low-elevated lands and islands during
the second half of the 21st century. Several studies delivered
HESs using a probabilistic framework combining greenhouse
gas emission scenarios and estimates from simulation of the
individual components of sea-level change based on a model
selection and assumptions on ice-sheets contributions. However,
this is not always an appropriate method to estimate HESs,
especially because the physical models of future sea-level changes
do not take into account some non-linear dynamical ice-
sheet processes. We have used published expert elicitation
for ice-sheet contributions, combining physical-based model
projections for glaciers, ocean sterodynamic effects and glacial
isostatic adjustment, updated contributions from land-water.
We highlight that provided there is no additional vertical
ground motion besides GIA, the likely projected SLR might be
significantly exceeded as soon as 2050. Today, planning and
implementing coastal relocation, accommodation or protection
typically takes several decades. Hence, our result means that
for risk-averse coastal managers, adaptation decision horizons
might be much closer than previously thought. Our results also
suggest that HESs should be taken into account even for low
emission scenarios.
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The regional HESs presented in this paper can be used by risk-
averse coastal stakeholders to determine adaptation pathways
over the 21st century and beyond. However, local subsidence
effects can still represent a substantial contribution to future
relative sea-level changes in some areas such as Manila or
Djakarta, and they need to be characterized where needed. By
construction, HESs have a low probability to occur, but as their
effects may be dramatic they cannot be excluded given the
present state of knowledge. In the coming years, research on
SLR and the ice-sheets evolution will precise the confidence
that can be assigned to the different sets of HESs that are
being considered today. This will allow coastal adaptation to
progressively adjust their adaptation pathways to the level of
effort that is required.
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