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Abstract

In order to assess future sea level rise and its societal impacts, we need to study climate change
pathways combined with different scenarios of socioeconomic development. Here, we present Sea
Level Rise (SLR) projections for the Shared Socioeconomic Pathway (SSP) storylines and.different
year-2100 radiative Forcing Targets (FTs). Future SLR is estimated with a comprehensive:SLR
emulator that accounts for Antarctic rapid discharge from hydrofracturing and ice cliff instability.
Across all baseline scenario realizations (no dedicated climate mitigation), we find»2100 median
SLR relative to 1986-2005 of 89 cm (likely range: 57 to 130 cm) for SSP1, 105 cm (73 te. 150 cm)
for SSP2, 105 cm (75 to 147 cm) for SSP3, 93 cm (63 to 133 cm) for SSP4, and 132.cm (95 to 189
cm) for SSP5. The 2100 sea level responses for combined SSP-FT scenarios are dominated by the
mitigation targets and yield median estimates of 52 cm (34 to 75 cm) for FT 2.6 Wm™, 62 cm (40 to
96 cm) for FT 3.4 Wm™, 75 cm (47 to 113 cm) for FT 4.5 Wm™, and 91 cf (61 to'232 cm) for FT
6.0 Wm™. Average 2081-2100 annual SLR rates are 5 mm yr and 19 mm ylr'1 forFT 2.6 Wm™ and
the baseline scenarios, respectively. Our model setup allows linking seeénario-specific emission and
socioeconomic indicators to projected SLR. We find that 2100 median SSP'SLR projections could
be limited to around 50 cm if 2050 cumulative CO, emissions sinee pre-industrial stay below 850
GtC, with a global coal phase-out nearly completed by that time. For,SSP mitigation scenarios, a
2050 carbon price of 100 US$2005 tCO,™ would correspond te.a median’2100 SLR of around 65
cm. Our results confirm that rapid and early emission reductions are.essential for limiting 2100 SLR.
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Introduction

Future Sea Level Rise (SLR) threatens coastal regions around the globe, putting at risk their
populations, ecosystems, infrastructure, as well as important other economic and environmental
assets [Nicholls 2011; Hallegatte et al. 2013; Hinkel et al. 2014; Wong et al. 2014; Muis etial. 2017].
As such, the assessment of future SLR impacts poses challenges to many research disciplines, from
estimating the geophysical SLR response to climate perturbations and emission pathways on
different timescales to assessing regional vulnerabilities as well as adaptation options for
communities at risk. With the Shared Socioeconomic Pathways (SSPs), the climate, research
community has been provided with a new framework that can better address the complex challenges
of SLR assessments. The SSP framework combines societal storylines with physical radiative
forcing pathways, following up on the initial work of the Representative Concentration Pathways
(RCPs) [Moss et al. 2010; Van Vuuren et al. 2011]. The SSP framework swill also be the basis for
the Scenario Model Intercomparison Project (ScenarioMIP) [O'Neill et al. 2016] ‘of Phase 6 of the
Coupled Model Intercomparison Project (CMIP6) [Eyring et al. 2016], R

Five SSPs have been designed to comprehensively capture varying levels of socioeconomic
challenges to mitigation and adaptation [O'Neill et al. 2017]: SSP1 sketches'a sustainable pathway,
with low challenges to mitigation and adaptation; SSP2 describes the 'middle of the road' trajectory
with medium challenges to mitigation and adaptation; SSP3. reflects @ future world of regional
rivalry with high challenges to both mitigation and adaptation; SSP4 represents a future marked by
inequality, with low challenges to mitigation and high“challenges to adaptation; and the SSP5
trajectory is dominated by ongoing fossil-fuel development and high energy demand, with high
challenges to mitigation and low challenges to/adaptation® For each SSP, climate policy
effectiveness and adoption is also varied ,as defined by so-called Shared Climate Policy
Assumptions (SPAs) [Riahi et al. 2017]. Under SSPs with low mitigation challenges (SSP1, SSP4),
an early adoption of stringent climate policies is.assamed. Climate policy adoption is projected to
be less effective in the near term in SSP2 and SSP5, while SSP3 is the most pessimistic scenario
with regards to climate policy. SSP realizationsywithout any dedicated climate mitigation policies
form the so-called SSP baseline scenarios. Depending on the individual SSP characteristics and
specific SPAs, mitigation pathways, for the energy, industry and land-use sectors are derived to
reach the radiative Forcing Targets (FTs) 6.0 Wm™, 4.5 Wm™, 3.4 Wm™, and 2.6 Wm™ [Riahi et al.
2017]. All but the FT 3.4 target have corresponding RCPs [Meinshausen et al. 2011a; Van Vuuren
et al. 2011]. The SSP5 baseline scenarios can be used as analogues to RCP8.5 realizations, as they
show comparable emission pathways*and2100 radiative forcing [Kriegler et al. 2017]. The current
set of SSP scenarios provides several pathways that yield median 2100 GMT increases of 2 °C or
less relative to pre-industrial times, mainly under FT 2.6 [Kriegler et al. 2014; Riahi et al. 2015;
Kriegler et al. 2017]. The set does not provide median pathways that comply with the objective to
limit warming to 1.5 °€'inithe long-term. This more ambitious temperature target was included in
the Paris Agreement as an aspirational goal, which could significantly reduce climate change
impacts [Schleussner et al. 2016]. It has been suggested that meeting the 1.5 °C objective would
require 2100 radiative forcing values to be closer to 2.0 wm?[Rogelj et al. 2015].

Generally, future SLR is'a powerful indicator to visualize climate change impacts on a global scale
[Steinacher et al. 2013]. Recent progress in process understanding on Antarctic ice sheet dynamics
suggests that SLR 'projections may have to be corrected upwards [DeConto & Pollard 2016].
Additional rapididischarge from the Antarctic ice sheet through hydrofracturing and ice cliff failure
could| cause significantly more SLR by the end of the twenty-first century than presented in the
Fifth Assessment (AR5) of the IPCC [Church et al. 2013]. Studies that have included these
additional Antarctic discharge processes project 2100 central values under RCP8.5 that are up to
one metershigher than the AR5 estimates [Bars et al. 2017; Kopp et al. 2017; Wong et al. 2017].
Here, we present global mean SLR projections that account for the additional rapid discharge
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contribution from Antarctica using a new physically-motivated emulator. As such, this study
provides markedly higher SLR projections than IPCC AR5. We focus on median and “likely” 66%
model ranges associated with the 2100 SSP SLR projections. We do not assess SLR outcomes for
the low probability tails of the projected distributions nor do we attempt to incorporate deep
uncertainties in our estimates [Bakker et al. 2017].

The SSP-FT framework allows us to not only analyze future SLR under a wide variety of societal
developments but to also clearly distinguish between SLR projections for the mon-mitigation
baseline scenarios and scenario sets with varying levels of climate mitigation efforts. With,the study
at hand, we highlight SSP scenario-specific SLR characteristics and assess the role of selected
underlying emission and socioeconomic indicators for global mean SLR in 2100.

Methods

SSP details are available via the public SSP database (https://tntcat.iiasa:ac.at/SspDb/) hosted by the
International Institute for Applied Systems Analysis (ITASA). Global and‘regional projections are
provided for greenhouse gas (GHG) emissions, energy mix, climate and land cover, demographic
and socioeconomic parameters like population growth, Gross Demesti¢ Product (GDP), and
consumption. The five SSPs have all or in part been implemented by the IMAGE, MESSAGE, AIM,
GCAM, REMIND, and WITCH Integrated Assessment Model (TAM) groups [Bosetti et al. 2006;
Calvin et al. 2017; Fricko et al. 2017; Fujimori et al. 2017; Kriegler et al. 2017; Van Vuuren et al.
2017]. The SSP scenarios are defined until the year 2100., So-called marker scenarios have been
proposed as the main representatives of the underlying reéspective socioeconomic storylines. These
marker scenarios are derived by one IAM for/each SSP¥ The non-marker scenarios are
complementary realizations of each SSP storyline by the remaining IAMs. For both marker and
non-marker realizations, individual SSP pathways.are provided for the baseline, FT 2.6, FT 3.4, FT
4.5, and FT 6.0 cases described in the introduction. The resulting 105 quantified SSP scenarios are
available from the SSP database and were used to.force our climate and sea level model. By also
using the non-marker scenarios for each SSP;uwe are able to cover parts of the IAM structural
uncertainties underlying the individual pathways. For consistency, all SSP GHG emissions have
been harmonized to 2010 RCP8.5(emission levels. Post-2100 extension pathways, as provided for
the RCPs by Meinshausen et al. [2011a}], have not been defined yet. Please see the legend of Figure
3 or 4 for the full list of SSP scenarios.

In order to translate the full suite of* SSP/GHG emission data into a global climate and sea level
signal, we apply the recently developed comprehensive sea level emulator by Nauels et al. [2017],
which is directly coupled to' the simple climate carbon-cycle model MAGICC version 6
[Meinshausen et al. 2011b].-The sea level emulator is part of a group of simplified approaches that
resolve the main sea level'components [Kopp et al. 2014; Mengel et al. 2016; Wong et al. 2017b]. It
is calibrated with IPCC ARS consistent process-based SLR projections and provides global mean
SLR estimates based on all major climate-driven contributions including thermal expansion, global
glacier mass changes, and the surface mass balance and solid ice discharge of the Greenland and
Antarctic ice sheets; as well as the non-climate-driven land water storage contribution. We have
updated the Amtarctic Ice Sheet (AIS) Solid Ice Discharge (SID) component of the MAGICC sea
level model to cover higher Antarctic sensitivity through hydrofracturing and subsequent ice cliff
instability that substantially increases future SLR projections [DeConto & Pollard 2016]. We
present'an AIS SID parameterization with a slow discharge term that depends quadratically on the
global mean témperature deviation from a reference temperature and a fast discharge term that can
be triggered by passing a threshold temperature. The parameterization is calibrated against AIS
discharge projections provided by DeConto and Pollard [2016] that run from the year 1950 to 2500.
The fourfree parameters are optimized by together minimizing the residual sum of squares under
three RCP scenarios for which calibration data was available (RCP8.5, RCP4.5, RCP2.6). Please
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see the Supplementary Information for more details on the parameterization and calibration. Our
main results incorporate SLR contributions based on the revised AIS SID parametrization, while the
IPCC ARS5 consistent SLR analysis using the original Nauels et al. [2017] design is provided in the
Supplementary Information for comparison. SLR projections are presented relative to 1986-2005
levels throughout the manuscript.

For the projections, we have generated a probabilistic ensemble of 600 runs for every scenarioswith
historically constrained parameter sets applying a Metropolis-Hastings Markov chain Monte Carlo
approach [Meinshausen et al. 2009]. The parameter ensemble also reflects the IPCC AR5
equilibrium climate sensitivity estimates [Rogelj et al. 2012; Rogelj et al. 2014]. The prebabilistic
modeling framework consistently covers model and climate related unceftainties. For. our
projections, we follow the IPCC guidelines by adopting a likely range that reflects the 66-100%
probability of an outcome [Mastrandrea et al. 2011].

In order to facilitate the interpretation of the SSP SLR projections and to allow for a direct
comparison to the RCP scenarios, we have also pooled the scenarios.dccording to their FTs. Like
this, we can clearly separate the effects of different climate mitigation levels from the effects of
socioeconomic uncertainty in the non-mitigation baseline scenarios. Additionally, we have grouped
the 2100 median SLR estimates of each SSP scenario according to individually defined categories
for the SSP indicators shown in Figures 3 and 4. The category ranges are chosen based on the
scenario distribution for the individual SSP indicator. This wvisual aid is introduced to allow for a
more nuanced analysis of the SLR implications of the selected SSP emission and socioeconomic
indicators. We use boxplots with 90% range whiskers, the standard first and third quartiles (50%
range) as boxes and the corresponding medians for the"grouping of the individual 2100 SSP SLR
medians. v

Results

We show the resulting projections of global mean temperature and global mean SLR for all SSP
scenarios in Figure 1. SLR varies strongly between non-mitigation baseline scenarios because the
varying socioeconomic assumptions for the»SSPs result in different emission and temperature
outcomes (Figure 2, panel a). Median estimates:for 2100 SLR across all SSP realizations range
from 89 cm (likely range: 57 to 130 cm). for SSP1, 105 cm (73 to 150 cm) for SSP2, 105 cm (75 to
147 cm) for SSP3, 93 cm (63 to 133 cm) for,SSP4, to 132 cm (95 to 189 cm) for SSP5.

Year-2100 SLR does not only depend on the end-of-century FT, but also on the pathway towards
achieving this target. Nevertheless, SSP-FT SLR projections are dominated by the different FTs,
with the SLR responses converging (for each FT category, as opposed to the socioeconomic
uncertainty driving the variation across the baseline scenarios (compare Figure 2, panels b-e). 2100
median SLR is projected tonbe 52 cm (likely range: 34 to 75 cm ) for the most ambitious climate
mitigation efforts framed under ET 2.6, 62 cm (40 to 96 cm) under FT 3.4, 75 cm (47 to 113 cm)
under FT 4.5, and 91/cm (61 to 132 cm) under FT 6.0. The highest likely SLR estimate for 2100 is
189 cm (SSP5 baseline), the lowest likely projection yields around 34 cm (SSP2 FT 2.6).
Corresponding average 2081-2100 SLR rates range from 5 mm yr'1 for FT 2.6 to 19 mm ylr'1 for the
baseline scenarios (see Table 1:for more details). The 2081-2100 median SLR contributions per sea
level component are listed in Table 2.

With the quantitative socioeconomic information of the SSPs, SLR can be linked to specific
socioeconomic metrics. We here analyze 2100 global mean SLR medians for every SSP scenario in
relation to four different CO, emission metrics, which reflect salient characteristics of the SSP
emission trajectories (see Figure 3): cumulative CO, emissions since pre-industrial times until 2030
and 2050, decarbonization rates between 2030 and 2050, and cumulative net negative emissions
until 2100
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Cumulative CO, emissions until 2030 appear to relate linearly to global mean SLR in 2100, but
with a large spread (Figure 3, panel a). The relation is more distinct for 2050 cumulative CO;
emissions (Figure 3, panel b). Already in 2030, limiting median SLR to below 90 cm is inconsistent
with high emission pathways that have cumulative CO, emissions above around 740 GtC. To put
current mitigation pledges into perspective, we show the 2030 cumulative CO, emissions that
would result from the Nationally Determined Contributions (NDCs), which capture national post-
2020 mitigation pledges under the Paris Agreement (Figure 3a, dashed orange line). Glebally
aggregated, they currently amount to 708 GtC since pre-industrial times until 2030 [UNFCCC
2016]. Our analysis indicates that cumulative CO, emissions until 2050 ofrless tham,850° GtC
relative to pre-industrial levels would limit 2100 median SLR to around 51 cm (90% range: 49.to 56
cm). In order to meet these SLR estimates, the remaining budget for the 2030-2050 period would be
142 GtC based on current NDCs. SLR increases rapidly for camulative emission budgets exceeding
this level. Panel (c) of Figure 3 illustrates the relevance of rapid decarbonization between 2030 and
2050, with all pathways that show reductions of more than 50% in 2050 relative to 2030 pointing to
median 2100 SLR of around 60 cm or less. If average annual CO, emissions are still to increase
over the period 2030-2050 by 20% or more relative to 2030 levels, we estimate median 2100 SLR
responses of around 115 cm (100 to 138 cm).

We project minimum 2100 median SLR of just above 55 cm for SSP mitigation pathways without
any net negative emissions until 2100 (Figure 3, panel d). The SSP:scenarios that show cumulative
net negative emissions of up to 50 GtC throughout the secdnd half of the 21*' century show median
2100 SLR estimates of around 54 cm (49 to 70 cm). Under all FT 2.6 scenarios, sizable cumulative
net negative emissions ranging from around 3 GtC to 128 GtC are realized between 2050 and 2100,
keeping 2100 median SLR between 50 cm and 55 cm relative t0*1986-2005. It is important to note
that these correlations do not imply causality, but only reflect how SSP scenario characteristics
project onto future SLR estimates.

Selected SSP energy and economic indicators which illustrate the transformation in the global
energy system are plotted against corresponding. 2100 median SLR responses in Figure 4. We
choose four indicators that reflect future decarbonization and early climate mitigation efforts: the
fraction of Primary Energy (PE) frem fossil fuels without Carbon Capture and Storage (CCS) in
2050 (panel a), the respective relative changes between 2010 and 2030 (panel b), the 2050 fraction
of PE from coal without CCS (panel ¢),and the 2050 fraction of PE from renewable sources
without biomass (panel d). When PE from fossil fuels without CCS is reduced to less than 50% of
total PE in 2050, the available/SSP scenafios show 2100 median SLR of around 53 cm (49 to 61
cm). Similar median SLR estimates of 53 cm (49 to 63 cm) and 55 cm (49 to 68 cm) are linked to a
2010-2030 non-CCS fossil/PE reduction rate of at least 10% and a 2050 non-CCS coal PE share of
less than 5%, respectively. Under the SSP scenarios, realizing more than 15% of 2050 PE from non-
biomass renewables (solar, wind, hydroelectric, geothermal energy, computed with the direct
energy equivalence accounting method) would lead to 2100 median SLR estimates of around 58 cm
(49 to 76 cm). An early reduction in the fossil-fuel share of PE correlates positively with limiting
2100 SLR (Figure 4, panel b). Nonetheless, the overall picture for early decarbonization efforts is
not fully conclusive. Fossil-fuel growth and low renewable implementation trajectories, like
REMIND SSP5 ET 2.6,/can still achieve 2100 median SLR of around 54 cm relative to 1986-2005
due to extreme reduction rates post 2030 [Kriegler et al. 2017].

Besides the fourdecarbonization indicators, we also look at carbon prices and their relationship to
SLR. The carbon price for achieving a specific FT varies widely [Clarke et al. 2014]. This high
variability. is_also reflected in recent research on potential 1.5 °C pathways [Rogelj et al. 2015],
which suggests a 2050 carbon price of at least 100 US$2005 tCO,". Most of the SSP mitigation
scenarios;showever, have a 2050 carbon price of less than 100 US$2005 tCO,!, with an unclear
impact of carbon price level on 2100 SLR (Figure 4, panel e). For the FT 2.6 pathways, 2050
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carbon prices assumptions range from around 40 US$2005 tCO," to more than 1000 US$2005
tCO,™, yielding an overall minimum median 2100 SLR of around 49 cm. A 2050 carbon price of
100 US$2005 tCO,™ would correspond to an overall 2100 median SLR of around 65 cm based on
the SSP scenarios.

Finally, we also show how SLR varies with changes in the carbon intensity of GDP (Figure'4, panel
f). Every SSP follows a distinct GDP trajectory that dominates over the FT related dynamies in
most scenarios. Interpretation of this metric is additionally hampered by the fact that/it can easily
mask increasing use of energy as long as GDP grows at a faster rate. The high reduction rates in
carbon intensity for SSP5 are predominantly caused by the highest GDP growth regime of all SSPs.
As such, carbon intensity fails as a predictor for 2100 SLR projections.

All analyses presented in the Figures and Tables are also provided for IPCC ARS consistent global
mean SLR projections in the Supplementary Information. In order to highlight the difference in the
SLR projections for the AR5 consistent setup and the estimates including the tevised Antarctic
contribution based on [DeConto & Pollard 2016], we compare both setups for the non-mitigation
SSP5 baseline scenarios, which are similar to RCP8.5, and the strofigest mitigation efforts
represented by FT 2.6 in Figure 5. 2100 median SLR estimates for,the SSP5 baseline scenarios are
almost 50 cm higher for the projections including the additional Antarctic rapid dynamics compared
to the IPCC AR5 consistent projections. The SSP FT 2.6 estimates practically do not change except
for a wider 66% model range when the additional rapid dynamies are included. We have also
included the 2100 RCP 2.6 and RCP 8.5 likely ranges for the IPCE AR5 consistent setup [Nauels et
al. 2017], showing overall slightly lower SLR likely ranges for RCP 2.6 compared to SSP FT 2.6
and for RCP 8.5 compared to the SSP5 baseline scenario.
4

Discussion

Compared to the previous RCP scenario generation, the SSP-FT framework allows to more directly
relate future physical responses of the climate system to the underlying socioeconomic assumptions
of the scenario trajectories. We apply a process-based probabilistic sea level emulator in
conjunction with the widely-used simple climate carbon-cycle model MAGICC to provide a
preview of global mean SLR proje¢tions associated with the full set of SSP scenarios.

The revised sea level estimates from Antaretica based on results from DeConto and Pollard [2016]
alter total global mean SLR projections dramatically for high emission pathways (see Figure 5). The
extremely high SLR estimates’for. theynon-mitigation baseline scenarios, in particular the SSP5
projections with highest individual 2100 likely ranges of around 200 cm (see Figure 2, panel a),
highlight that ambitiousyclimate policies are needed to avoid the most severe impacts from rising
sea levels around the glabexAs such, these higher estimates point to a growing risk of potentially
catastrophic sea level risetby the.efid of the 21* century under unchecked climate change. However,
the revised estimates also indicate that strong mitigation efforts could prevent the onset of the rapid
dynamics that cause the additional sea level contribution from the Antarctic ice sheets (see Figure
5).

The SSP5 baseline emission pathway is very similar to RCP8.5 [Kriegler et al. 2017], which allows
us to relate our corresponding SLR projections directly to other studies that provide 2100 RCP8.5
projections' and account for the additional AIS discharge processes suggested by DeConto and
Pollard [2016].7Our 2100 median SSP5 baseline estimate of around 132 cm is lower than the
suggested 1505184 cm 2100 RCP8.5 median range by Bars et al. [2017] who use statistical methods
to account_for the additional AIS rapid discharge. Our median estimates are also below the
corresponding 146 cm suggested by Kopp et al. [2017] and 150 cm by Wong et al. [2017].
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Our calibration results suggest threshold temperatures between 0 °C and 3.2 °C above 1850 levels
for triggering an additional annual discharge rate, with 25 of the 29 calibrated parameter sets
showing threshold temperatures between around 1.9 °C and 3.2 °C (see Table S1). The latter values
are similar to the threshold values of 1.9 to 3.1 °C derived by Wong et al. [2017] for a similar
parameterization. These estimates make a strong case for limiting warming in accordancewith the
climate targets of the Paris Agreement (holding warming well below 2.0 °C and pursuing to limit it
to 1.5 °C above pre-industrial levels). Our global AIS SID parameterization does not incorporate
regional ice sheet characteristics like e.g., Ritz et al. [2015] (see Supplementary Information for
more details). Therefore, the presented temperature thresholds have to be interpreted and:discussed
in light of these limitations.

In order to inform the mitigation requirements to limit long-term SLR under the SSPs, we have
selected several CO, emission, energy and economic indicators to explore the,specific SSP
assumptions that result in the respective FT trajectories. The applied suite of meétrics assists with
translating the necessary efforts to limit global mean SLR projections into the actual processes that
transform the energy system with some of its associated costs, like thefcarbon price. Even the
highest carbon price or strongest available SSP climate mitigationspathway does not stabilize SLR
by 2100 in our simulations. The long memory of the SLR components will cause continued SLR
well beyond the 21% century. To allow for a more in-depth investigation'of minimizing long-term
SLR under the SSPs, trajectories consistent with a 1.5 °C_elimate, target and more sophisticated
post-2100 extensions are needed.

The SSP-FT analysis, as presented here, allows for a firstlinkage of mitigation efforts, SLR impacts
and adaptation costs. Impact-relevant socioeconomic indicators; like future GDP and population
growth as well as urbanization dynamics, differ widely between the different SSPs and so do the
projected SLR impacts. Global analysis of SLR impacts under different FT and SSP scenarios has
shown that key impact metrics, like affected people and coastal flood costs, depend equally as much
on the SSPs as on different FTs [Hinkel et al.'2014]. It is worth noting, however, that these
estimates are based on lower levels of 21st century global mean SLR than those presented here.
Furthermore, research on global mean SLR has to be merged with projections on regional extreme
sea level exposure to allow for afeomprehensive,assessment of SLR impacts [Muis et al. 2017].
Corresponding estimates critically depend on assumptions about future coastal adaptation, which in
return also depend on regional development trajectories. Given the anticipated socioeconomic
development in coastal regions, adaptation will need to reduce future physical flood probabilities
below present values to maintain presentflood risk [Hallegatte et al. 2013].

To link global socioeconomic requirements under different SSP-FTs to coastal impacts, regional
downscaling of the global mean SLR trajectories presented here is required as well as merging them
with local coastal impact.models’ [Hinkel & Klein 2009]. This would allow for an integrated
comparison of mitigation requirements with impact metrics that can inform decision making and
risk assessments on a regional level.

Acknowledgements

We acknowledge the International Institute for Applied Systems Analysis (ITASA) which is hosting
the SSP scenario” database (https:/tntcat.iiasa.ac.at/SspDb/). We would also like to thank R.
DeConto for providing the calibration data used in this study. M. Meinshausen receives the
Australian, Research Council (ARC) Future Fellowship Grant FT130100809. M. Mengel is
supported by the AXA Research Fund. C.-F. Schleussner acknowledges support by the German
Federal "wMinistry for the Environment, Nature Conservation and Nuclear Safety
(16_11_148_Global_A_IMPACT).



https://tntcat.iiasa.ac.at/SspDb/

Page 9 of 17 AUTHOR SUBMITTED MANUSCRIPT - ERL-103801.R2

©CoO~NOUTA,WNPE

References

Bakker, A. M. R.; Louchard, D. and Keller, K. (2017). Sources and implications of deep uncertainties
surrounding sea-level projections, Climatic Change 140 : 339-347.

Bars, D. L.; Drijfhout, S. and de Vries, H. (2017). A high-end sea level rise probabilistic projection including
rapid Antarctic ice sheet mass loss, Environmental Research Letters 12 : 044013.

Bosetti, V.; Carraro, C.; Galeotti, M.; Massetti, E. and Tavoni, M. (2006). WITCH A World Induced Technical
Change Hybrid Model, The Energy Journal 27 : 13-37.

Calvin, K.; Bond-Lamberty, B.; Clarke, L.; Edmonds, J.; Eom, J.; Hartin, C.; Kim, S.; Kyle; P.; Link; R.; Moss; R.;
McJeon, H.; Patel, P.; Smith, S.; Waldhoff, S. and Wise, M. (2017). The SSP4: A world of deepening inequality ,
Global Environmental Change 42 : 284-296.

Church, J. A.; Clark, P.; Cazenave, A.; Gregory, J.; Jevrejeva, S.; Levermann, A.; Merrifield, M.; Milne, G.;
Nerem, R.; Nunn, P.; Payne, A.; Pfeffer, W.; Stammer, D. and Unnikrishnan, A.(2013). 13sSea Level Change. In:
Stocker, T. F.; Qin, D.; Plattner, G.-K.; Tignor, M.; Allen, S.; Boschung, J.; NauelsyA.; Xia, Y.; Bex, V. &
Midgley, P. M. (Ed.), Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change, Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA.

Clarke, L.; Jiang, K.; Akimoto, K.; Babiker, M.; Blanford, G.; Fisher-Vanden; K.; Hourcade, J.-C.; Krey, V_;
Kriegler, E.; Loeschel, A.; McCollum, D.; Paltsev, S.; Rose, S.; Shukla, P.; Tavoni, M.; van der Zwaan, B. and
van Vuuren, D. (2014). 6. Assessing transformation pathways{In: Edenhofer, O.; Pichs-Madruga, R.; Sokona, Y.;
Farahani, E.; Kadner, S.; Seyboth, K.; Adler, A.; Baum, I.; Brunner, S:; Eickemeier, P.; Kriemann, B.; Savolainen,
J.; Schlémer, S.; von Stechow, C.; Zwickel, T. & Minx; J. (Ed.), Climate Change 2014: Mitigation of Climate
Change. Contribution of Working Group III to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change, Cambridge University Press.

DeConto, R. M. and Pollard, D. (2016). Contribution of Antarctica to past and future sea-level rise, Nature 531 :
591-597.

Eyring, V.; Bony, S.; Meehl, G. A.; Senior, €. A.; Stevens, B.; Stouffer, R. J. and Taylor, K. E. (2016). Overview
of the Coupled Model Intercomparison Project Phase 6 (CMIP6) experimental design and organization,
Geoscientific Model Development 9 : 1937-1958.

Fricko, O.; Havlik, P.; Rogelj, J.; Klimon?Z.; Gusti, M.; Johnson, N.; Kolp, P.; Strubegger, M.; Valin, H.; Amann,
M.; Ermolieva, T.; Forsell, N.; Herrero, M.; Heyes, C.; Kindermann, G.; Krey, V.; McCollum, D. L.; Obersteiner,
M.; Pachauri, S.; Rao, S.; Schmid, E.; Sechoepp, W. and Riahi, K. (2017). The marker quantification of the Shared
Socioeconomic Pathway 2: A middle-of-the-road scenario for the 21st century , Global Environmental Change

42 : 251-267.

Fujimori, S.; Hasegawa, T.;,Masui, T.; Takahashi, K.; Herran, D. S.; Dai, H.; Hijioka, Y. and Kainuma, M. (2017).
SSP3: AIM implementation of Shared Socioeconomic Pathways, Global Environmental Change 42 : 268-283.

Hallegatte, S.; Greeny/C.; Nicholls, R. J. and Corfee-Morlot, J. (2013). Future flood losses in major coastal cities,
Nature Clim/Change 3 :'802-806.

Hinkel, J, and Klein, R, J. T. (2009). Integrating knowledge to assess coastal vulnerability to sea-level rise: The
development of the DIVA tool, Global Environmental Change 19 : 384-395.

Hinkel, J.;Lincke, D.; Vafeidis, A. T.; Perrette, M.; Nicholls, R. J.; Tol, R. S. J.; Marzeion, B.; Fettweis, X.;
Ionescu, C. and Levermann, A. (2014). Coastal flood damage and adaptation costs under 21st century sea-level
rise, Proceedings of the National Academy of Sciences 111 : 3292-3297.



©CoO~NOUTA,WNPE

AUTHOR SUBMITTED MANUSCRIPT - ERL-103801.R2 Page 10 of 17

Kopp, R. E.; DeConto, R. M.; Bader, D. A.; Hay, C. C.; Horton, R. M.; Kulp, S.; Oppenheimer, M.; Pollard, D.
and Strauss, B. H. (2017). Implications of ice-shelf hydrofracturing and ice-cliff collapse mechanisms for sea-
level projections, Earth's Future in review.

Kopp, R. E.; Horton, R. M.; Little, C. M.; Mitrovica, J. X.; Oppenheimer, M.; Rasmussen, D. J.; Strauss, B. H.
and Tebaldi, C. (2014). Probabilistic 21st and 22nd century sea-level projections at a global network of tide-
gauge sites, Earth's Future 2 : 383-406.

Kriegler, E.; Bauer, N.; Popp, A.; Humpendder, F.; Leimbach, M.; Strefler, J.; Baumstark, L.; Bodirsky, B. L.;
Hilaire, J.; Klein, D.; Mouratiadou, I.; Weindl, I.; Bertram, C.; Dietrich, J.-P.; Luderer, G.; Pehl, M.; Pietzeker, R.;
Piontek, F.; Lotze-Campen, H.; Biewald, A.; Bonsch, M.; Giannousakis, A.; Kreidenweis, U.; Miiller, C.; Rolinski,
S.; Schultes, A.; Schwanitz, J.; Stevanovic, M.; Calvin, K.; Emmerling, J.; Fujimori, S. and Edenhofer, 0. (2017).
Fossil-fueled development (SSP5): An energy and resource intensive scenario for the 21st.century , Global
Environmental Change 42 : 297-315.

Kriegler, E.; Weyant, J. P.; Blanford, G. J.; Krey, V.; Clarke, L.; Edmonds, J.; Fawcett, A.; Luderer, G.; Riahi, K.;
Richels, R.; Rose, S. K.; Tavoni, M. and van Vuuren, D. P. (2014). The role of technolog? for achieving climate
policy objectives: overview of the EMF 27 study on global technology and climate policystrategies, Climatic
Change 123 : 353-367.

Lagarias, J.; Reeds, J.; Wright, M. and Wright, P. (1998). Convergence Properties of the Nelder--Mead Simplex
Method in Low Dimensions, SIAM J. Optim. 9 : 112-147.

Mastrandrea, M. D.; Mach, K. J.; Plattner, G.-K.; Edenhofer, O.; Stacker, T. F.; Field, C. B.; Ebi, K. L. and
Matschoss, P. R. (2011). The IPCC AR5 guidance note on consistent treatment of uncertainties: a common
approach across the working groups, Climatic Change 108 :1675;

Meinshausen, M.; Meinshausen, N.; Hare, W.; Raper, S. €. B.; Frieler, K.; Knutti, R.; Frame, D. J. and Allen, M.
R. (2009). Greenhouse-gas emission targets for limiting global.warming to 2 degrees C, Nature 458 : 1158-1162.

Meinshausen, M.; Raper, S. C. B. and Wigley; T-:M:.L. (2011b). Emulating coupled atmosphere-ocean and
carbon cycle models with a simpler model, MAGICEG6 - Part'1: Model description and calibration, Atmospheric
Chemistry and Physics 11 : 1417-1456,

Meinshausen, M.; Smith, S. J.; Calvin, K.;;Daniel, J. S.; Kainuma, M. L. T.; Lamarque, J. F.; Matsumoto, K.;
Montzka, S. A.; Raper, S. C. B.; Riahi, K.; Thomson, A.; Velders, G. J. M. and van Vuuren, D. P. P. (2011a). The
RCP greenhouse gas concentrations and\Rheir extensions from 1765 to 2300, Climatic Change 109 : 213-241.

Mengel, M.; Levermann, A.; Frieler, K¢ Robinson, A.; Marzeion, B. and Winkelmann, R. (2016). Future sea
level rise constrained by observations and long-term commitment, Proceedings of the National Academy of
Sciences 113 : 2597-2602.

Moss, R. H.; Edmonds, J. A.; Hibbard, K. A.; Manning, M. R.; Rose, S. K.; van Vuuren, D. P.; Carter, T. R,;
Emori, S.; Kainuma, M.; Kram, T.; Meehl, G. A.; Mitchell, J. F. B.; Nakicenovic, N.; Riahi, K.; Smith, S. J.;
Stouffer, R. J.; Thomson, A. Mx;sWeyant, J. P. and Wilbanks, T. J. (2010). The next generation of scenarios for
climate change research and‘assessment, Nature 463 : 747-756.

Muis, S.; Verlaan, M.; Nicholls, R. J.; Brown, S.; Hinkel, J.; Lincke, D.; Vafeidis, A. T.; Scussolini, P.;
Winsemius, H. C. andWard, P. J. (2017). A comparison of two global datasets of extreme sea levels and resulting
flood exposure, Earth's Future 5 : 379-392.

Nauels, A.; Meinshausen, M.; Mengel, M.; Lorbacher, K. and Wigley, T. M. L. (2017). Synthesizing long-term
sea level'rise projections -- the MAGICC sea level model v2.0, Geoscientific Model Development 10 : 2495-2524.

Nicholls, R. J. (2011). Planning for the Impacts of Sea Level Rise, Oceanography 24 : 144-157.

10



Page 11 of 17 AUTHOR SUBMITTED MANUSCRIPT - ERL-103801.R2

©CoO~NOUTA,WNPE

O'Neill, B. C.; Kriegler, E.; Ebi, K. L.; Kemp-Benedict, E.; Riahi, K.; Rothman, D. S.; van Ruijven, B. J.; van
Vuuren, D. P.; Birkmann, J.; Kok, K.; Levy, M. and Solecki, W. (2017). The roads ahead: Narratives for shared
socioeconomic pathways describing world futures in the 21st century, Global Environmental Change 42 : 169-180.

O'Neill, B. C.; Tebaldi, C.; van Vuuren, D. P.; Eyring, V.; Friedlingstein, P.; Hurtt, G.; Knutti, R.; Kriegler, E.;
Lamarque, J.-F.; Lowe, J.; Meehl, G. A.; Moss, R.; Riahi, K. and Sanderson, B. M. (2016). The Scenario Model
Intercomparison Project (ScenarioMIP) for CMIP6, Geoscientific Model Development 9 : 3461-3482.

Riahi, K.; Kriegler, E.; Johnson, N.; Bertram, C.; den Elzen, M.; Eom, J.; Schaeffer, M.; Edmonds, J.; Isaac, M.;
Krey, V.; Longden, T.; Luderer, G.; Méjean, A.; McCollum, D. L.; Mima, S.; Turton, H.; van Vuuren, D:P%
Wada, K.; Bosetti, V.; Capros, P.; Criqui, P.; Hamdi-Cherif, M.; Kainuma, M. and Edenhofer, O. (2015). Locked
into Copenhagen pledges — Implications of short-term emission targets for the cost and feasibility of long-term
climate goals , Technological Forecasting and Social Change 90, Part A : 8 - 23.

Riahi, K.; van Vuuren, D. P.; Kriegler, E.; Edmonds, J.; O’Neill, B. C.; Fujimori, S.; Bauer, N%; Calvin, K.;
Dellink, R.; Fricko, O.; Lutz, W.; Popp, A.; Cuaresma, J. C.; KC, S.; Leimbach, M.; Jiang, L..;Kram, T.; Rao, S.;
Emmerling, J.; Ebi, K.; Hasegawa, T.; Havlik, P.; Humpendder, F.; Silva, L. A{D.; SmitF, S.; Stehfest, E.; Bosetti,
V.; Eom, J.; Gernaat, D.; Masui, T.; Rogelj, J.; Strefler, J.; Drouet, L.; Krey,{V.; Luderer,/G.; Harmsen, M.;
Takahashi, K.; Baumstark, L.; Doelman, J. C.; Kainuma, M.; Klimont, Z.; Marangeni, G.; Lotze-Campen, H.;
Obersteiner, M.; Tabeau, A. and Tavoni, M. (2017). The Shared Socioe¢onomic Pathways and their energy, land
use, and greenhouse gas emissions implications: An overview , Global Environmental Change 42 : 153-168.

Ritz, C.; Edwards, T. L.; Durand, G.; Payne, A. J.; Peyaud, V. and'Hindmarsh, R. C. A. (2015). Potential sea-
level rise from Antarctic ice-sheet instability constrained by observations, Nature advance online publication.

4
Rogelj, J.; Luderer, G.; Pietzcker, R.; Kriegler, E.; Schaeffer, M.;Krey, V. and Riahi, K. (2015). Energy system
transformations for limiting end-of-century warming/tosbelow 1.5 degrees C, Nature Climate Change 5 : 519-527.

Rogelj, J.; Meinshausen, M. and Knutti, R. (2012). Global warming under old and new scenarios using IPCC
climate sensitivity range estimates, Nature Climate Change\2 : 248-253.

Rogelj, J.; Meinshausen, M.; Sedlacek, J. and Knutti, R. (2014). Implications of potentially lower climate
sensitivity on climate projections and policy, Environmental Research Letters 9 : 031003.

Schleussner, C.-F.; Lissner, T. K.; FischeryE. M.; Wohland, J.; Perrette, M.; Golly, A.; Rogelj, J.; Childers, K.;
Schewe, J.; Frieler, K.; Mengel, M.; Hare, W. and Schaeffer, M. (2016). Differential climate impacts for policy-
relevant limits to global warming: the ca%ofl.S °C and 2°C, Earth System Dynamics 7 : 327-351.

Steinacher, M.; Joos, F. and Stocker, T{F. (2013). Allowable carbon emissions lowered by multiple climate
targets, Nature 499 : 197-201.

UNFCCC (2016). Aggregate.effectiof the intended nationally determined contributions: an update, Report No.
FCCC/CP/2016/2, Synthesis report by the secretariat, United Nations Framework Convention on Climate Change

Van Vuuren, D. P.; Edmonds, J.; Kainuma, M.; Riahi, K.; Thomson, A.; Hibbard, K.; Hurtt, G. C.; Kram, T';
Krey, V.; Lamarque, J.-F.; Masui, T.; Meinshausen, M.; Nakicenovic, N.; Smith, S. J. and Rose, S. K. (2011). The
representative concentration'pathways: an overview, Climatic Change 109 : 5.

Van VuurenyD. P.; Stehfest, E.; Gernaat, D. E.; Doelman, J. C.; van den Berg, M.; Harmsen, M.; de Boer, H. S.;
Bouwman, L. F.; Daioglou, V.; Edelenbosch, O. Y.; Girod, B.; Kram, T.; Lassaletta, L.; Lucas, P. L.; van Meijl,

H.; Miiller, C.; vanrRuijven, B. J.; van der Sluis, S. and Tabeau, A. (2017). Energy, land-use and greenhouse gas
emissions trajectories under a green growth paradigm , Global Environmental Change 42 : 237-250.

Wong, P. P.;losada, 1. J.; Gattuso, J.-P.; Hinkel, J.; Khattabi, A.; McInnes, K. L.; Saito, Y. and Sallenger, A.
(2014)..5. Coastal systems and low-lying areas. In: Field, C. B.; Barros, V. R.; Dokken, D. J.; Mach, K. J.;
Mastrandrea, M. D.; Bilir, T. E.; Chatterjee, M.; Ebi, K. L.; Estrada, Y. O.; Genova, R. C.; Girma, B.; Kissel, E. S.;

11



©CoO~NOUTA,WNPE

AUTHOR SUBMITTED MANUSCRIPT - ERL-103801.R2 Page 12 of 17

Levy, A. N.; MacCracken, S.; Mastrandrea, P. R. & White, L. L. (Ed.), Coastal systems and low-lying areas,
Cambridge University Press.

Wong, T. E.; Bakker, A.; Ruckert, K.; Applegate, P.; Slangen, A. and Keller, K. (2017b). BRICK v0.2, a simple,
accessible, and transparent model framework for climate and regional sea-level projections, Geoscientifiec Model
Development 10 : 2741-2760.

Wong, T. E.; Bakker, A. M. R. and Keller, K. (2017a). Impacts of Antarctic fast dynamics on sea-level projections
and coastal flood defense, Climatic Change First Online : 1-18.

12



Page 13 of 17 AUTHOR SUBMITTED MANUSCRIPT - ERL-103801.R2

1
2 TABLES
3
4
6 Table 1: Median estimates and corresponding 66% ranges for global mean SLR projections for quantified SSP
7 scenarios towards the end of the 21* century relative to 1986-2005. The SSPs are pooled according to their radiative
8 Forcing Targets (FTs) and the baseline scenarios without any climate mitigation policies. Absolute SLR estimates are
9 provided in centimeters, the annual rates are given in millimeters per year.
10
11 SSP SLR FT 2.6 FT 3.4 FT 4.5 FT 6.0 Baselines
12 2100 51.5[34.1 t0 75.3] 61.8 [40.2 to 96.4] 74.7 [46.5 to 113.1] 91.4[60.8 to 131.7] 103.3 [69.7.0/150.8]
13 [cm rel. to 1986-2005] o : s ' e ‘ e ' c ‘
14
2081-2100
15 [emrel. to 1986.2005] 169 [3121067.4] 54.7 [35.9 to 82.1] 63.6 [40.5 to 94.4] 75.8 [49.5 to 107:8] 84.0 [56.2 to 120.9]
16
17 2081-2100 avg. rate 47 3.0 t08.1] 7.2 [43 to 14.0] 10.9 [5.8 to 18.3] 15.2 [10.7 to 23.1] 18.5 [13.1 to 28.7]
18 [mmyr~]
19 o
20
21
22 I . . . .
23 Table 2: 2081-2100 global mean SLR projections for the main sea level components,in centimeters relative to 1986-
24 2005, median estimates and corresponding 66% ranges. SMB = Surface Mass, Balance: SID = Solid Ice Discharge. The
o5 Antarctic SID contribution is based on results from DeConto and Pollard [2016]. The quantified SSP scenarios are
26 pooled according to their radiative Forcing Targets (FTs) and the baseline scenarios without any climate mitigation
27 policies.
28
29 5 .
30 Sea level FT 2.6 FT 3.4 FT 4.5 FT 6.0 Baselines
31 component
32 Thermal expansion 18.2[11.0 t0 25.9] 20.6 [12.6 to 28.8] 22.7 [14.11031.3] 25.4[15.9 to 34.6] 27.3[17.110 37.7]
33 Glaciers 11.5[9.5 to 13.8] 12.3[10.2 to 14.5] 12.910.7 to 15.1] 135 [11.3 t0 15.7] 14.0 [11.7 to 16.3]
34
35 Greenland SMB 22[1.1t03.5] 2.5 [1181to4.1] 2.9[1.6 to 4.6] 3.3[1.9t05.4] 3.8[2.2106.4]
36 Greenland SID 3.1[2.7 to 3.6] 3.2[2.8103:8] 3.4[2.91t04.1] 3.6 [3.0 t0 4.4] 3.8[3.1t04.8]
37 Antarctic SMB -1.8[-2.3t0-1.4] -2.0 [-2.6 to -1.5} -2.2[-2.8t0-1.7] 2.4[-3210-18] -2.6[-3.610-1.9]
gg Antarctic SID 6.2 [-1.7 t0 23.5] 1191, [-1.0 to 32.9] 17.7 [0.5 to 43.2] 25.2 [5.2 to 53.6] 30.4[9.2 to 62.6]
40 Land water storage 5.7 [4.9 10 6.5] 5.7 [49t0.6.5] 5.7 [4.9 10 6.5] 5.7 [4.9 10 6.5] 5.7 [4.9 t0 6.5]
41 Total 46.9 [31.2 t0 67.4] 54.7 [35.9 t0 82.1] 63.6 [40.5 to 94.4] 75.8 [49.5 to 107.8] 84.0 [56.2 to 120.9]
42 N
43
44
45
46
47
48
49
50
51
52
53
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56
57
58
59
60
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Figure 3: Emission metrics plotted against 2100 global mean SLR medians relative to 1986-2005 for every available
SSP scenario. Cumulative CO, emissions for. 2030 and 2050 in GtC in panels (a) and (b), the relative change in annual
CO, emissions from 2030 to 2050 in panelktc) and 2100 cumulative net negative CO, emissions in panel (d). All CO,
emissions are shown relative to pre-industrial levels. The SSP scenarios are listed with colors indicating the SSP
category and symbols referencing the:specific FT. The highlighted SSPs represent the marker scenarios for each SSP
category. SSP and FT bars on the sides of the panels show corresponding min/max ranges. Vertical boxplots with 90%
range whiskers, 50% range boxes and black medians subsume SLR trajectories falling under the individual emission
metric categories. Dashed vertical,gray lines indicate the category bounds in each panel. The level of cumulative CO,
emissions currently resulting from the Nationally Determined Contributions (NDCs) [UNFCCC 2016] is shown as
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Figure 4: Selected SSP indicators plotted against 2100 global mean SLR medians relative to 1986-2005 for every
available SSP scenario. The fractions of 2050 Primary Energy (PE) from non-CCS fossil fuels and 2050 PE from non-
biomass renewable energy of 2050 total PE in panels (a) and (c), their relative changes between 2010 and 2030 as
percentage from 2010 levels in panels (b) and (d); 2050 carbon price (US$2005/tCO,) in panel (e), percentage change
of 2050 carbon intensity relative to 2030 levels in panel (f). PE is expressed using the direct energy equivalence method.
The SSP scenarios are listed with colors indicating the SSP category and symbols referencing the specific FT. The
highlighted pathways represent the marker scenarios for each SSP category. SSP and FT bars on the sides of the panels
show corresponding min/max ranges. Vertical boxplots with 90% range whiskers, 50% range boxes and black medians
subsume SLR trajectories falling under the individual SSP indicator categories. Dashed vertical gray lines indicate the
category-bounds in each panel.
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