MONOGRAPH

METODE SCIENCE STUDIES JOURNAL, 11 (2021): 173-181. University of Valencia.
https://doi.org/10.7203/metode.11.16988

ISSN: 2174-3487. eISSN: 2174-9221.

Submitted: 06/04/2020. Approved: 08/09/2020.

SEA-LEVEL RISE

Which is the role of glaciers and polar ice sheets?

FRANCISCO JOSE NAVARRO

Sea-level has been rising at an accelerated rate during recent decades and is projected to

continue increasing at an accelerated rate over the twenty-first century and beyond, mostly

as aresult of anthropogenic warming. A substantially raised sea level can have severe impacts

on low-lying coastal areas, including coastal erosion and flooding of inhabited areas. Under

continued climate warming, these impacts will be exacerbated by extreme meteorological

events and extreme wave heights, posing severe risks to the human communities and coastal

ecosystems. In this paper we review the recent advances on the contributions of glaciers and

sheets to sea-levelrise, in the light of the recently released IPCC Special Report on the Ocean

and Cryosphere in a Changing Climate.
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B INTRODUCTION

Sea level has changed much in the past, in the

order of tens of metres, in parallel with glacial
cycles. Currently, it is increasing at a rate that has
accelerated over recent decades, mostly as a result
of anthropogenic warming. Low-lying coastal zones
(<10 m above sea level) are at present inhabited

by more than 680 million

people, which is around 10 %

of the world’s population. An
accelerated rising sea level, its
associated flooding of coastal
areas and the expected increase
in the frequency of extreme sea-
level events are therefore a matter
of concern to human kind. We
analyse in this paper the current
and the projected rates of sea-
level rise (SLR), with focus on the contribution to
SLR by mass loss from glaciers and ice sheets. There
is a huge number of recent studies on this matter. The
publication of the IPCC Special Report on the Ocean
and Cryosphere in a Changing Climate (SROCC)
(IPCC, 2019), and its condensed Summary for
Policymakers (SPM), which provide updated data and
consensus estimates, will alleviate the need to refer to
a large amount of bibliographical sources, as they can

easily be found in that report. Consequently, we will
refer frequently to it, indicating the particular bullets
of the SPM and the sections of the full report where
further detail and references can be found.

In what follows, we will often present data resulting
from statistical estimates by indicating its median and
its likely range (the central 66 % or, in other words,
the range 17-83 % of its probability distribution), as

shown in this example: SLR of
3.6 (3.1-4.1) mm/yr.

«The collapse of ice shelves
increases the export of landed
ice to the ocean, hence
indirectly contributing to rising
the sea level»

B PRESENT SEA-LEVEL
RISE RATE AND CURRENT
CONTRIBUTIONS

The average rate of global mean
sea level (GMSL) rise for the
period 20062015 is of 3.6
(3.1-4.1) mm/yr, and shows a
clear acceleration when compared with the average
rate for the period 1901-1990, of 1.4 (0.8-2.0) mm/
yr. As a consequence of this sustained increase, the
mean sea level has risen a total of 0.16 (0.12-0.21) m
over the period 1902-2015. This change stems from
processes resulting from global warming, which has
been estimated, for the period between 1850-1900
and 1986-2005, as 0.63 (0.57-0.69) °C. In particular,
of the current SLR of 3.6 mm/yr, 1.8 (1.7-1.9) mm/
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B Glaciers outside Greenland and Antarctica

Antarctica (including peripheral glaciers)
Greenland (including peripheral glaciers)

Thermal expansion of oceans

Figure 1. Share of observed positive contributions to global
sea-level rise over the period 2006-2015. Land water storage
changes do not appear because they were negative during this
period (i.e., they contributed to lowering the sea level).

yr is attributed to wastage from
glaciers and ice sheets’, while 1.4
(1.1-1.7) mm/yr corresponds to
thermal expansion of the ocean
(Figure 1). The current estimated
contribution from changes in the
land water storage (at surface
and underground) is negative,

of —0.21 (-0.36-0.06) mm/yr., meaning that they
contribute to lower the sea level. Taking into account
the median values of these estimates, we see that 0.6
(out of 3.6, i.e., 17 %) mm/yr of observed SLR rise
are unexplained, though within the uncertainty ranges
(IPCC, 2019, SPM-A3.1, §4.2.2).

In this study we focus on the contributions from
glaciers and ice sheets, i.e., from the landed ice
masses. We note that sea-ice loss does not contribute
to SLR, as the lower density of ice compared with
water is the reason for its flotation, as stated by
Archimedes’ principle. Therefore, when sea ice
melts to become water again it occupies less volume,
exactly equal to that of its submerged part when it
was ice. For the same reason, neither the melting of
floating ice tongues or ice shelves contributes to SLR.
However, the collapse of ice shelves contributes to

1 Following common practice, we will distinguish between glaciers
(encompassing both glaciers and ice caps) and ice sheets, which refers only
to the large ice sheets of Greenland and Antarctica.
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«The Greenland Ice Sheet
is currently losing mass
at roughly twice the rate

of the Antarctic Ice Sheet»

the acceleration of the outlet glaciers feeding the ice
shelves, thus increasing the export of landed ice to the
ocean, and hence indirectly contributing to SLR (Rott
etal., 2018).

From the 1.8 mm/yr contribution to SLR by mass
loss from glaciers and ice sheets over 2006-2015,
0.61 £ 0.08 mm/yr correspond to glaciers outside
of Greenland and Antarctica, 0.77 £ 0.03 mm/yr
to Greenland (the ice sheet plus the glaciers on its
periphery, disconnected from the main ice sheet) and
0.43 £ 0.05 mm/yr to Antarctica (the ice sheet plus
its peripheral glaciers) (IPCC, 2019, SPM-A1.1, §3.3
& 4.2.2). Their corresponding shares of the sum of
positive observed contributions are shown in Figure
1. We note the large contribution from glaciers as
compared with ice sheets, taking into account its much
lower total volume (the total volume of ice stored in
glaciers, and in the Greenland and Antarctic ice sheets
are roughly 0.5, 7 and 58 m sea-level equivalent,
which means <1 %, ~11 % and >88 %, respectively;
IPCC, 2019). This is due to the much shorter response
time of glaciers to climate changes as compared with
the ice sheets, due to their significantly smaller size.

As we see, the Greenland
Ice Sheet is currently losing
mass at roughly twice the rate
of the Antarctic Ice Sheet,
though this could change in the
coming centuries, as we will
discuss later. The contribution
from Greenland to SLR over
2012-2016 was quite similar
to that over 2002-2011 but much larger than over
1992-2001, period at which the ice sheet mass was
nearly in equilibrium. However, the contribution
from Antarctica over 2012-2016 was nearly double
than over 2002-2011, and four times larger than
over 1992-2001. Regarding glaciers, their mass loss
over 2006-2015 has been estimated as 9-10 % larger
than over 1993-2015, and 33-37 % larger than over
1970-2015. The percent ranges depend on whether
the estimates are based on observations or on models
calibrated with observations, and whether they include
or exclude the glaciers peripheral to the Greenland and
Antarctic ice sheets (Bamber et al., 2018; Marzeion et
al., 2017; Zemp et al., 2019).

B PHYSICAL MECHANISMS OF MASS LOSS
FROM GLACIERS TO THE OCEAN

There are various mechanisms of mass loss from
glaciers and ice sheets (Figure 2), each predominant
at a certain environment. Ice melting at surface
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Figure 2. lllustration of typical mechanisms of mass loss at the front of a tidewater glacier. In the case of a floating glacier tongue or
anice shelf, there would also be submarine meting under the tongue or the shelf. Frontal ablation encompasses iceberg calving and
submarine and subaerial frontal melting. Surface ablation includes surface melting (and subsequent runoff) and sublimation.

SOURCE: Javier Lapazaran — Universidad Politécnica de Madrid

and subsequent runoff to the ocean is an important
mechanisms of mass loss for all landed ice masses
except the very high mountain glaciers and the
Antarctic Ice Sheet, where surface temperatures

are too low for melting except on the Antarctic
Peninsula and some coastal areas during the summer.
Sublimation is the dominant mechanism of mass

loss in very cold environments where surface
temperatures rarely reach the melting point, even in
summer. Although sublimation is actually a mass
loss to the atmosphere, in the end, upon condensation
and precipitation, it feeds the ocean. Note that not

all glacier ice that melts at surface ends up on the
ocean. An important fraction of the surface melting,
especially that produced at the accumulation zones
of glaciers and ice sheets, percolates through the
snow and firn?, and then refreezes. Also, it can remain
during the winter in the form of firn aquifers, as has

2 Firn is the term used to denote the material at intermediate stages between
snow and ice. Snow that has survived at least a winter becomes firn.
Firn becomes ice when the air bubbles between the ice crystals become
disconnected, which happens at a pressure of ~840 kg m3.

been observed in certain accumulation zones of
southeast Greenland (Foster at al., 2013). In Greenland
as a whole, during 1960-2014 only around half of the
surface melt ran off (Steger et al., 2017). Even part of
the meltwater leaving the glaciers can sometimes not
reach the ocean. For example, in High Mountain Asia
some proportion of the glacial meltwater is taken up
by aquifer recharge and irrigation, especially in the
cases of closed drainage basins (Brun et al., 2017).
For the glaciers and ice sheets ending on sea or
lake, iceberg calving and submarine melting at the
glacier front and under the floating ice tongues and ice
shelves is another important mass loss mechanism,
especially in the polar regions. Although calving
and submarine melting are physically distinct
mechanisms, in practice it is very difficult to estimate
their separate contributions. For this reason, they are
often grouped together under the term ice discharge?,
which is much easier to measure (commonly, using

* A related term is calving flux. This refers to ice discharge through a flux
gate close to the calving front minus the mass change resulting from the
advance or retreat of the glacier terminus.
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Projected sea level rise

Glacier & ice-sheet contribution 2015-2100

(m) (m)
Scenario 2081-2100 2100 Glaciers Greenland Antarctic
ice sheet ice sheet
RCP2.6 0.39(0.26-0.53) 0.43(0.29-0.59) 0.094 +0.025 0.07(0.04-0.12) 0.04(0.01-0.1)
22 % 16 % 9%
RCP8.5 0.71(0.51-0.92) 0.84 (0.61-1.10) 0.200+0.044 0.15(0.08-0.27) 0.12(0,03-0.28)
24 % 18 % 14 %

Table 1. Global mean sea level rise with respect to the average value for 1986—-2005 under Representative Concentration Pathways
(RCP) emission scenarios 2.6 and 8.5, and glacier and ice-sheet contribution for 2015-2100 and their shares of the total projected
global mean sealevelrise in 2100 (IPCC, 2019, SPM-B1.1,B1.2 & B3.1, §4.2.3).

remote sensing techniques), by computing the
mass flux through flux gates close to the calving
fronts, or at the grounding lines* in the case of
floating tongues or ice shelves. This mass flux is
computed as the glacier velocity (often measured
from satellite synthetic aperture radars or optical
imagery) times the section of the flux gate
(normally measured using ground-penetrating
radar techniques) and times the ice density.
These losses largely depend on the glacier
velocity, and thus glacier flow acceleration
results in increased losses, and associated
thinning of the zones from which the glacier ice
was drawn. For this reason, they are also referred
to as dynamic thinning.

The Antarctic Ice Sheet mass loss is largely
dominated by dynamic thinning, which in recent
decades has become especially relevant in the
western part of the ice sheet (in particular, the
Amundsen Sea Embayment) and the Antarctic
Peninsula region. In the first case, driven
by an increase in sub-ice shelf melting due to the
advent of relatively warm Circumpolar Deep Water
(Jenkins et al., 2018) and, in the second, driven by the
disintegration of certain ice shelves and its associated
reduction or loss of ice-shelf buttressing over the
outlet glaciers feeding the shelves (Reese et al.,
2018). In the case of the Greenland Ice Sheet, mass
losses during recent decades have been approximately
balanced between dynamic thinning and surface
melting and runoff, but in recent years the latter have
become dominant, accounting for 42 % of losses
for 2000-2005, 64 % for 20052009 and 68 % for
2009-2012 (Enderlin et al., 2014). The processes
behind incursions of warm water in coastal Greenland
that force glacier retreat, and the response of glaciers

NASA/Jeremy Harbeck 2016

4 The grounding line is the line where a sea-terminating ice sheet loses
contact to the ground and becomes a floating ice shelf (or a floating ice
tongue, in the case of a sea-terminating glacier).
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Sea-ice loss does not contribute to rising the sea level, as the
lower density of ice compared with water is the reason for its
flotation. Therefore, when sea ice melts to become water again
it occupies less volume, exactly equal to that of its submerged
part when it was ice. For the same reason, neither the melting

of floating ice tongues or ice shelves contributes to rising the
sea level. However, the collapse of ice shelves contributes to the
acceleration of the outlet glaciers feeding the ice shelves, hence
indirectly contributing to rising the sea level. In the picture,
calving iceberg at the Getzice shelfin Western Antarctica.

«Along the twenty-first century, both
thermal expansion of the ocean and mass
loss from glaciers and ice sheets will
continue to be the main contributors
to the rise of the sea level»



to ocean forcing, are still poorly understood (Cowton
et al., 2018; Straneo et al., 2013).

Though we have focused on mass loss mechanisms,
we note that the glacier contribution to SLR results
from the net balance between mass gains and mass
losses, known as mass balance. The main source of
glacier and ice-sheet mass gains is indeed the ocean,
through evaporation from oceans, condensation in
clouds and snow precipitation over the landed ice
masses. Under a warming climate, higher evaporation
and subsequent snow precipitation on polar and
high-mountain areas is expected. In fact, in Antarctica
mass gains due to increased snowfall have partly
offset losses by dynamic thinning, in particular in the
Antarctic Peninsula (Medley & Thomas, 2018). In
Greenland, the decrease in summer North-Atlantic
Oscillation following the 1990s has resulted in
anticyclonic weather, with reduced cloud cover
and snow precipitation, and increased shortwave
insolation, which explains most of the post-1990s melt
increase (Hofer et al., 2017).

B PROJECTIONS OF FUTURE SEA-LEVEL RISE
UNDER VARIOUS EMISSION AND CLIMATE
SCENARIOS

In the usual IPCC language, the term projections is
used to refer to predictions of future evolution under
assumed greenhouse gasses’ emission scenarios.

Glaciers have much shorter response time to climate changes
compared with ice sheets, due to their significantly smaller size.
In the picture, mountains, glaciers, moraines, and fjords in the
Chilean part of Tierra del Fuego.
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Since the IPCC’s fifth Assessment Report (ARS),

the so-called Representative Concentration Pathway
(RCP) scenarios are used. They are labelled after its
associated radiative forcing® value in 2100 (originally,
they were 2.6, 4.5, 6, and 8.5 W/m?). These RCPs
were consistent with certain socio-economic
assumptions, but are being substituted by the Shared
Socioeconomic Pathways (SSP), aimed to provide
flexible descriptions of possible futures within each
RCP. Together with the SSPs, additional RCPs (1.9,
3.4, 7) were introduced. RCP1.9 is of particular
interest, as it limits global warming to below 1.5 °C,
which is the goal of the Paris Agreement. In what
follows, we will mostly focus on RCP2.6 and RCPS.5,
as low-end and high-end scenarios, to provide a
range of possible impacts. It is important to note that
the projections that we will discuss in what follows
are based on the SROCC (IPCC, 2019), which uses
new estimates with respect to those of ARS only for
Antarctica. For glaciers and for Greenland, as well

as for thermal expansion of the ocean and land water
storage, the projections are identical to those of ARS.
The main reason for this is the lack of updated climate
simulations from the Coupled Model Intercomparison
Project (CMIP) of the World Climate Research
Programme (WCRP), which provide information on
the evolution of climate and the associated changes in
the oceans, glaciers and ice sheets. Results from the
CMIPS were used for ARS. However, new estimates
from CMIP6 are not yet available; they
are expected to be used in the [PCC 6th
Assessment Report (AR6). In the case
of Antarctica, several continental-scale
estimates of future Antarctic ice loss,
under various emission scenarios, have
been made since ARS5. Even if using
CMIPS5 results, these models have
provided probabilistic information on
associated uncertainties, which has
allowed a quantitative assessment of the
uncertainty in the dynamic mass losses
of the whole of Antarctica, which was
not possible in ARS. Hence, updated
estimates for Antarctic mass loss
projections have been included in IPCC
(2019).

The projected global mean sea-level
rise to the end of the twenty-first century
is shown in Table 1. The associated
rates in 2100 are 4 (2—-6) mm/yr under

NASA/John Sonntag 2016

5 Radiative forcing is the difference between the solar radiation absorbed by
the Earth and the energy radiated back to space.
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Iceberg calving and submarine melting at the glacier front and under the floating ice tongues and ice shelves are important mass loss
mechanisms, especially in the polar regions. In the picture, northern limit of the Getz ice shelf, fed by the DeVicq glacier, in Antarctica.

Melting can be observed near the border of the shelf.

RCP2.6, and 15 (10-20) mm/yr under RCP8.5, i.e.,
they range between close to present and four times as
large (IPCC, 2019, SPM-B3.3, §4.2.3). Table 1 also
shows the projected contributions to 2100 by glaciers
and ice-sheets. The wide range of uncertainty at the end
of the century is mostly due to the uncertainty in the
projected contributions from the ice sheets, especially in
Antarctica.

We note that the total contribution from glaciers
to SLR from present till the end of the twenty-first
century is still large. However, its rate of contribution
along this century and beyond is expected to decrease
in comparison with that of the ice sheets, as glaciers’
area and volume substantially shrink and many glaciers
disappear altogether, especially at the lower latitudes
and altitudes (Hanna et al., 2020; Hock et al., 2019).
Greenland ice loss during the twenty-first century
will be dominated by surface mass losses, rather than
dynamic ice discharge to the ocean, regardless of
emission scenario, while that of Antarctica will be
dominated by dynamic thinning, driven by submarine
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melt under the ice shelves and the subsequent loss of
buttressing that opposes the seaward flow of the glaciers
feeding the ice shelves (IPCC, 2019, §4.2.3).

In the case of Antarctica, certain possible
mechanisms of dynamic instability require particular
attention, as they could produce enhanced ice mass
losses to the end of this century and beyond, with
associated substantial and rapid SLR. A large fraction of
Antarctica, mostly in its western part, and in particular
the Amundsen Sea sector, rests on bedrock below
sea level and mostly terminates in the ocean, being
referred to as marine ice sheet. The floating ice shelves
at these margins, when confined within embayments
or in contact with bathymetric promontories on the sea
floor, exert a back stress opposing the seaward advance
of the ice sheet, thus contributing to its stability.
However, nowadays a combination of ocean forcing
(ocean-driven basal melt causing thinning and retreat
of ice shelves) and atmospheric forcing (increased
surface melt deepening surface crevasses, and leading
to hydrofracturing and eventually to ice shelf collapse)



can destabilize the ice sheet. If the grounding line

is located on bedrock with slope falling toward the
interior of ice sheet interior, a positive feedback can
be triggered resulting in progressively enhanced

ice flow to the ocean. This is known as marine ice
sheet instability (MISI). Since ARS, there is growing
evidence of accelerated retreat compatible with the
MISI hypothesis in several major glaciers in the
Amundsen Sea sector of West Antarctica, including
Thwaites and Pine Island glaciers, and also in Totten
Glacier in the Wilkes Land of
East Antarctica. This accelerated
retreat, however, is not definitive
proof that MISI is underway, so
the IPCC (2019, Cross-chapter
Box 8, §4.2.3.1.2) assesses its
level of confidence as medium
confidence, regarding both the
present situation and its future
evolution.

Upon disappearance of ice shelves, ice cliffs can
be formed, which will be unstable if their heights are
sufficient to produce stresses exceeding the strength
of the ice. Cliff failure would lead to ice sheet retreat.
This process is known as marine ice cliff instability
(MICI) and could have the potential to cause partial

The Greenland Ice Sheet is currently losing mass at roughly
twice the rate of the Antarctic Ice Sheet, though this could
change in the coming centuries. In the picture, northern limit
of the north-western marine ice of the Weddell sea, in the
Antarctic ocean, where the Weddell Gyre transports marine
ice several hundreds of miles northwards. When it approaches
open ocean, the waves break up the ice in smaller chunks like
the ones in the picture.

«Expected impacts from
the rise in sea level include
coastal erosion and flooding,
which will be exacerbated
under climate warming»
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collapse of the West Antarctic Ice Sheet in the coming
centuries. However, there is limited evidence to
confirm the occurrence of MICI in the present or in
the past, as well as low agreement on the physical
mechanism of MICI, so its potential future impact
is very uncertain (IPCC, 2019, Cross-chapter Box 8,
§4.2.3.1.2).

IPCC (2019) also includes projections for long-
term scenarios, beyond 2100, with results from
model studies indicating multi-metre SLR by 2300.
In particular, the projected
cumulative SLR to 2300 is
of 0.6-1.07 m under RCP2.6
and 2.3-5.4 m under RCP8.5.
Regarding the contributions
from glaciers and ice sheets,
all studies coincide in that the
glacier contribution will be
of limited importance, as, by
then, they will have lost much
of its mass and many glaciers will have completely
disappeared. Concerning the contribution from the
ice sheets, there are notable discrepancies among
the results from the various studies, which are
accompanied by large uncertainties. The latter are
mostly related with the expected effects of dynamic
instability processes such as MISI and
MICI, which could imply a partial
collapse of the West Antarctic Ice Sheet.
Accordingly, the level of confidence of
these results is rated by IPCC (2019) as
low confidence. We note that there are
also studies indicating an stabilising
effect by solid-Earth processes that would
exert a negative feedback on retreat.
These processes include viscoelastic
bedrock uplift upon strong decrease of
the overlying ice mass, and gravitational
effects reducing the water depth at the
grounding line. However, their effects on
the grounding line retreat are expected to
be minimal until after ~2250. Moreover, it
is not known how the uncertainties on the
lateral variations of the Earth’s viscosity
structure under the Antarctic Ice Sheet
could impact these results. Consequently,
these possible stabilizing effects are only
expected to weakly slow-down SLR over the twenty-
first century, although they could become important on
multi-century and millennial time scales (IPCC, 2019,
§4.23.1.2&4.2.3.5).

For Greenland, sustained surface warming
might lead, in the long term, to significant,

NASA/Brooke Medley 2016
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perhaps irreversible, retreat of the ice sheet

as a consequence of two positive feedback
mechanisms. On one hand, the elevation-surface
mass balance feedback, consisting in increased
surface melt as the surface of the ice sheet
evolves to lower and warmer elevations, further
increasing ablation. On the other, the albedo-melt
feedback, whereby melt increases by the higher
heat absorption due to the darkening of the ice
surface by the presence of liquid water, reduction
of the extent of summer surface snow cover

(and increase of that of bare ice) and biological
processes. However, the amount and duration of
warming required to trigger an irreversible retreat
is highly uncertain IPCC, 2019, § 4.2.3.5).

B CONCLUDING REMARKS

As we have seen, the global mean sea level is
expected to increase at an accelerated rate over the
twenty-first century and beyond, with important
impacts on low-lying coastal areas and islands,
which are home to many human communities
and sustain a variety of ecosystems. Moreover,
sea-level rise is not uniformly distributed
geographically and, in certain regions, adds up

to terrain subsidence due to over-extraction of
groundwater, making these zones prone to even
more important impacts. Expected impacts from
SLR include coastal erosion and flooding, which
will be exacerbated, under climate warming, by
intensified marine heatwaves, and associated extreme
meteorological events, as well as by extreme wave
heights. All of these impacts and associated risks are
amply discussed in IPCC (2019, Ch. 4-9), which also
analyses mitigation and adaptation strategies.

Along the twenty-first century, both thermal
expansion of the ocean and mass loss from
glaciers and ice sheets will continue to be the main
contributors to SLR. Beyond the twenty-first century,
the progressive absorption of heat by the ocean will
further contribute to SLR for several centuries. The
largest uncertainty on long time scales corresponds to
the contribution by the ice sheets. Regarding the latter,
all models agree that only low-emission scenarios, like
RCP2.6, will be able to prevent substantial future ice
loss.

The specific paths of future evolution may depend
to a high extent on whether certain tipping points are
reached or not, and, if reached, on its timing. The two
most critical tipping points are, first, the threshold
at which the combination of elevation-surface mass
balance and albedo-melt feedbacks might cause

NASA/Jefferson Beck 2018
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Large tabular icebergs between the Larsen Cice shelfin
Antarctica and iceberg A-68, which collapsed from Larsen Cin
2017. The loss of mass of the Antarctic ice sheet is predominantly
caused by dynamic thinning, which has become especially
important in recent decades in the western section of the ice
sheet (mainly in the Amundsen Sea Embayment) andin the
Antarctic peninsula.

irreversible retreat of the Greenland Ice Sheet, and
second, the thresholds for surface melt and submarine
melt under the ice shelves in West Antarctica that
might trigger irreversible retreat of the ice sheet,
involving MISI and possibly MICI processes. The
chance of surpassing these tipping-point is of course
much higher for RCP8.5 than for RCP2.6. On
millennial time scales, both ice sheets have tipping
points at or slightly above the 1.5-2.0 °C threshold
(Pattyn et al., 2018). RCP1.9 would therefore be

the ideal scenario, as it keeps global warming under
1.5 °C, in agreement with the goals of the Paris
Agreement.

In conclusion, SLR on centennial and millennial
time scales is critically dependent on the emission
scenario considered, emphasising the importance
of mitigating the emissions of greenhouse gases for
minimising the impacts and risks associated to sea-
level rise. ®
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