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ARTICLE OPEN

Estimating global mean sea-level rise and its uncertainties by
2100 and 2300 from an expert survey
Benjamin P. Horton 1,2✉, Nicole S. Khan3, Niamh Cahill 4, Janice S. H. Lee 1, Timothy A. Shaw 1, Andra J. Garner 5,
Andrew C. Kemp6, Simon E. Engelhart 7 and Stefan Rahmstorf 8,9

Sea-level rise projections and knowledge of their uncertainties are vital to make informed mitigation and adaptation decisions. To
elicit projections from members of the scientific community regarding future global mean sea-level (GMSL) rise, we repeated a
survey originally conducted five years ago. Under Representative Concentration Pathway (RCP) 2.6, 106 experts projected a likely
(central 66% probability) GMSL rise of 0.30–0.65m by 2100, and 0.54–2.15m by 2300, relative to 1986–2005. Under RCP 8.5, the
same experts projected a likely GMSL rise of 0.63–1.32 m by 2100, and 1.67–5.61 m by 2300. Expert projections for 2100 are similar
to those from the original survey, although the projection for 2300 has extended tails and is higher than the original survey. Experts
give a likelihood of 42% (original survey) and 45% (current survey) that under the high-emissions scenario GMSL rise will exceed the
upper bound (0.98 m) of the likely range estimated by the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change, which is considered to have an exceedance likelihood of 17%. Responses to open-ended questions suggest that the
increases in upper-end estimates and uncertainties arose from recent influential studies about the impact of marine ice cliff
instability on the meltwater contribution to GMSL rise from the Antarctic Ice Sheet.
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INTRODUCTION
Variability of global mean sea-level (GMSL) projections among
studies, even when using the same emissions scenarios, has led to
confusion among decision-making communities and the public1,2.
The Intergovernmental Panel on Climate Change (IPCC) Fifth
Assessment Report (AR5) projected GMSL by summing the
contributions from physical processes to provide a likely (i.e.,
central 66% probability; see exegesis by ref. 3) estimate of GMSL
rise of 0.52–0.98 m in the case of unmitigated growth of emissions
(Representative Concentration Pathway [RCP] 8.5) by 2100, relative
to 1986–20054. However, substantial uncertainties surrounding
the response of the Greenland and Antarctic Ice Sheets to
dynamic processes such as marine ice sheet instability (MISI) and
marine ice cliff instability (MICI)5,6 indicate that the physical
models used in process-based predictions of GMSL rise are
incomplete7. Indeed, AR5 noted that additional GMSL rise up to
several decimeters was possible due to MISI, but it was not
included in the estimate of Antarctic Ice Sheet rapid dynamics due
to likelihood of such a contribution being unquantified4. The
recent IPCC Special Report on the Ocean and Cryosphere in a
Changing Climate (SROCC)8 included MISI (but not MICI).
Consequently, estimates from SROCC for 2100 under RCP 8.5 are
higher and the likely range larger than in AR5 (0.61–1.10 m). The
majority of individual studies published since 2013 for high
emission scenarios project GMSL rise >1m by 21001, including
several that suggest the possibility of a rise >2m9,10, in line with
projections of semiempirical models11–14.
As an alternative to models, GMSL rise may be projected by

surveying experts15–17. Broadly, two different approaches have

been used to extract estimates of the likelihood of future GMSL
from experts in the field. Structured expert judgment is a formal
method in which a small number of experts are guided in the
interpretation of probabilities in a workshop setting before having
their responses weighted based on their performance on
calibration questions. This method was used to assess the
probability distribution of future ice-sheet changes15,16. More
informal approaches, also known as “broad” elicitations or expert
(surveys), ask many experts a small number of questions, aiming
for wide participation by minimizing the required time investment
for participation. Broad elicitations are appropriate for interdisci-
plinary problems that involve large uncertainties such as sea-level
projection18. We previously surveyed experts17 (hereafter H14) to
provide a probabilistic assessment of sea-level rise by 2100 and
2300 under two contrasting temperature scenarios.
Now is an appropriate time to repeat the survey of H14 because

during the past five years, progress has been made in better
understanding several processes expected to influence GMSL rise
(e.g., MICI) and in advancing the methodologies for projecting
GMSL rise. We retain the same aim as the original study: to survey
experts in the scientific community about how much GMSL change
they anticipate for two time periods (2000–2100 and 2000–2300)
under two temperature scenarios (derived from the upper and
lower extremes of the RCP 2.6 and RCP 8.5 scenarios; Fig. 1). We
also inquire about the sources of experts’ uncertainties when
projecting GMSL. The results of this survey (hereafter H20) are
compared with the H14 survey results and published literature to
assess how and why the sea-level community’s projections evolved
during the past 5 years and if there is movement toward a
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consensus of GMSL rise for 2100 and 2300 under different emission
scenarios. These expert projections provide a new estimate of
GMSL rise that can be used by decision makers19, where
uncertainties accurately reflect current scientific knowledge.

RESULTS
Sea-level experts
The H14 survey identified the 500 individuals who (co-)authored
the most publications on the subject of sea level during the period
2009–2013. This cohort of experts published a minimum of six
papers (mean of 8.6 with a standard deviation of 3.3 and
maximum of 33). In this survey, we retained the definition of an
expert as someone who published at least six papers over the
period 2014–2018 and 878 individuals met this criterion (mean of
11.5 publications with a standard deviation of 5.7 and maximum
of 55). The number of papers published annually on the topic of
“sea level” (term appearing in the title or listed as a keyword) more
than doubled between 2009 and 2018 from 869 to 2012 (Fig. 2a;
see “Methods”). The subset of these papers containing the term
“sea level” in the title almost doubled over the same period from
279 to 527. Notably, there was a spike in the number of papers
published in 2013 that we attribute to authors completing
publications in time for them to be incorporated in IPCC AR5.
According to ref. 20, the recent annual growth rate for publications
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Fig. 1 Time series of global annual mean surface air temperature
anomalies (relative to 1986–2005) from CMIP5 concentration-
driven experiments, modified from IPCC AR54. These temperature
projections correspond to the lower (RCP 2.6; blue) and upper (RCP
8.5; red) greenhouse gas scenarios included in the Representative
Concentration Pathways (RCP) and their extension to 2300.
Projections for each RCP show the multi-model mean (solid lines)
and the 5–95% range across the distribution of individual models
(shading). Note the discontinuities at 2100 are due to the different
number of models that perform extension runs beyond the 21st
century (and have no physical meaning).

0.5

1.0

1.5

2.0

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

N
um

be
r o

f p
ub

lic
at

io
ns

 (x
10

3 )

Title or keyword
Title

Predicted (Bornmann and Mutz, 2015)20

H14 H20

0

10

20

30

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
Publication year

N
um

be
r o

f a
ut

ho
rs

a

b

Publication year

Fig. 2 Publishing trends in sea-level research between 2009 and 2018 summarized from papers included in the Web of Science. a Total
number of papers published annually where the term “sea level” (and common variants) appears in the title of the paper (blue squares) and/or
in the keywords (author defined or KeyWord Plus; red circles). For comparison, we predicted the number of papers published in each year
since 2009 using an annual growth rate of 8.4%, which is the recent trend in natural science fields (ref. 20; dashed lines). b Number of (co)
authors on sea-level publications (gray circles). Box plots represent the median (solid horizontal line), 25th and 75th percentiles (hinges), and
the largest value no further than 1.5 times the interquartile range from the hinge (~95% confidence interval for comparing medians;
whiskers).
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in the natural sciences is 8.4%. Therefore, growth in the number of
publications about sea level is similar to wider publication trends
in the natural sciences (Fig. 2a). The number of authors on sea-
level papers is highly variable among publications, but shows a
modest increase through time (Fig. 2b). The mean number of
authors by year between 2009 and 2013 was 4.1 to 4.5, while
between 2014 and 2018 it ranged from 4.7 to 5.2. We therefore
conclude that the increase in the number of individuals who (co-)
authored six or more publications about sea level in a 5-year
period from H14 to H20 arose principally from a growing number
of scientific papers published annually, but also because the
average number of (co-)authors on sea-level papers increased by
approximately one between 2009 and 2018.

Estimates of GMSL rise by 2100 and 2300
For GMSL projections, the experts provided two uncertainty ranges
and a median estimate for RCP 2.6 (which limits warming to 1 °C by
2100 and 1.2 °C by 2300 relative to 1986–2005), and RCP 8.5 (which
limits warming to 4.5 °C by 2100 and 12.6 °C in 2300 relative to
1986–2005). The inner GMSL projection uncertainty range (17th to
83rd percentiles) defines the central 66% probability range of GMSL,
which corresponds to the “likely” ranges of GMSL rise provided in
IPCC AR53. The outer range (5th to 95th percentiles) defines the
central 90% probability range of GMSL, which corresponds to the
“very likely” ranges of GMSL rise provided in IPCC AR53. Figure 3
presents box plots of the survey results for the 5th, 17th, 83rd, and
95th percentiles across all respondents (n= 106) to provide an
overview of the variability in the quantitative information provided
by the survey. Expert projections also informed probability density

functions (PDFs; see Supplementary Information) whereby the
expert percentile estimates are assumed to have been derived
through a hierarchical structure from a latent distribution that
provides the relative likelihood of GMSL under RCP 2.6 and RCP 8.5
by 2100 and 2300 (Fig. 4; Supplementary Information).
Under RCP 2.6, the PDFs suggest a likely range of GMSL rise of

0.30–0.65 m, a very likely range of 0.21–0.82 m, and a median of
0.45 m by 2100. By 2300, the PDFs suggest a likely range of GMSL
rise of 0.54–2.15 m, a very likely range of 0.24–3.11 m, and a
median of 1.18 m (Table 1).
Under RCP 8.5, the likely range of GMSL rise is 0.63–1.32 m, the

very likely range is 0.45–1.65 m, and the median is 0.93 m by 2100.
By 2300, the likely range is 1.67–5.61 m, the very likely range is
0.88–7.83 m, and the median is 3.29 m (Table 1).
We found no relationship between experts’ GMSL projections

and their self-reported career stage, discipline, or geographic
location (Supplementary Information and Supplementary Figs. 1–3),
which repeats the findings of H14. This is an important test for
expert surveys, because it can reveal differences among the views
of experts with different degrees of expertise, experience, or
scientific standing.

DISCUSSION
Expert projections
A recent structured expert judgment15, focusing on ice sheet
contributions to GMSL presented a likely range of 0.8–1.7m, and a
very likely range of 0.6–2.4 m for GMSL rise in 2100 under a high
emission scenario that is roughly comparable to RCP 8.5. There are

Fig. 3 Box plots of H14 and H20 surveys of global mean sea-level rise across all experts who provided at least partial responses to
questions. Participants in both surveys were asked to estimate likely (17th to 83rd percentiles) and very likely (5th to 95th percentiles) sea-
level rise under two temperature scenarios and at two time points (2100 and 2300), resulting in four sets of responses. Shaded boxes
represent the range between the first and third quartiles of responses. Dashed horizontal line within the box is the median response. Whiskers
(solid lines) represent two standard deviations of the responses. Filled circles show individual responses that are beyond two standard
deviations of the median.
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obvious differences between the ranges derived from the
structured expert judgment and our expert survey, particularly in
the magnitude of the upper tails of the distributions. The structured
expert judgment15 provided combined ice sheet sea-level rise
contributions, which alone show a very likely range of 0.1–1.8m by
2100 under the high emission scenario. This potentially suggests a
difference between GMSL projections from experts with a primary

expertise in ice sheets15, and GMSL projections from the field more
broadly, as in our survey, where there was a relatively equal
distribution of respondents with primary expertise in statistical or
physical process modeling (32%), data collection or processing
(35%), and impacts of sea-level rise (30%). From tiered questions,
13% of respondents in our survey identified ice-sheets as their
expertise (Supplementary Information).
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Fig. 4 Probability density functions (PDFs) of H14 (dashed) and H20 (solid) surveys of global mean sea-level rise for RCP 2.6 (blue) and
RCP 8.5 (red) greenhouse gas scenarios. The horizontal bars show the 5th, 17th, 83rd, and 95th percentile values.

Table 1. The “likely” ranges and “very likely” ranges of global mean sea-level rise for 2100 and 2300 using an expert survey.

Survey Year Scenario Likely range (m)
(17th to 83rd percentiles)

Median (m)
(50th percentile)

Very likely range (m)
(5th to 95th percentiles)

2020 Survey 2100 Lower (RCP 2.6) 0.30–0.65 0.45 0.21–0.82

Upper (RCP 8.5) 0.63–1.32 0.93 0.45–1.65

2300 Lower (RCP 2.6) 0.54–2.15 1.18 0.24–3.11

Upper (RCP 8.5) 1.67–5.61 3.29 0.88–7.83

2014 Survey 2100 Lower (RCP 2.6) 0.27–0.71 0.46 0.17–0.94

Upper (RCP 8.5) 0.63–1.27 0.92 0.46–1.57

2300 Lower (RCP 2.6) 0.37–1.50 0.81 0.17–2.16

Upper (RCP 8.5) 1.31–3.63 2.29 0.78–4.87
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Expert projections for 2100 also show differences with peer-
reviewed literature regarding sea-level projection studies for 2100
under RCP 8.5. Reference21 summarized recent literature projec-
tions of GMSL rise for 2100 and 2300. Across RCPs, median
projections from peer-reviewed literature for GMSL rise by 2100
range from as low as 0.4 m under RCP 2.6 (e.g., ref. 22) to as high as
1.5 m under RCP 8.5 in simulations allowing for an aggressively
unstable Antarctic Ice Sheet10. Assessing across studies yields at
least a 90% probability of a GMSL rise of 0.2–1.0 m under RCP 2.6,
and 0.4–2.4 m by 2100 under RCP 8.521.
The expert projections for 2300 also differ from the small

number of studies that presented projections this far into the
future (e.g., refs. 9,23,24). Unsurprisingly, the difference among
scenarios is extremely large by 2300—by which time, the
extension of RCP 2.6 is characterized by an atmospheric CO2

concentration lower than today, whereas the extension of RCP 8.5
causes an atmospheric CO2 concentration of nearly 2000 ppm25.
Median estimates from peer-reviewed literature of GMSL rise by
2300 range from 1.0–2.0 m under RCP 2.6 to 3.2–11.7 m under RCP
8.5. Across studies, there is at least a 90% probability of
−0.2–4.7 m under RCP 2.6, and 1.0–15.5 m under RCP 8.521.
The wide span of expert projections, particularly for RCP 8.5 in

2300, is immediately apparent and reflects the deep uncertainty in
longer-term, high-emissions projections. Reference15, which saw
long upper tails in distributions of total ice sheet contributions to
GMSL rise, suggests that the long upper tail behavior reflects
expert views that large amplitude, nonlinear instabilities could be
triggered at higher temperatures. This viewpoint could be feeding
into expert predictions of GMSL rise here also. From open-ended
questions, we recorded 162 responses regarding the sources of
uncertainty under the time period 2000–2100, and 160 responses
under time period 2000–2300 (Supplementary Fig. 4). Under GMSL
rise for 2000–2100, ice sheets were the most common source of
uncertainty for our experts (81%), followed by model/data
limitations (8%), ocean-atmosphere (7%), and anthropogenic
uncertainties (4%; see “Methods” for definitions). Under GMSL
rise for 2000–2300, ice sheets remained the most common source
of uncertainty (76%), followed model/data limitations and ocean-
atmosphere uncertainty (both at 6%), and anthropogenic
uncertainty (5%).
The Antarctic and Greenland Ice Sheets are the largest potential

contributors to GMSL rise, being the largest reservoirs of land-
based ice on Earth (e.g., ref. 26). Experts who identified the
Antarctic Ice Sheet as the greatest source of uncertainty account
for 23% of responses for 2100 and 21% for 2300. The contribution
from the Antarctic Ice Sheet is dominated by ice dynamic
processes because ice shelves melt from below or disintegrate
from surface meltwater penetrating crevasses, which reduce
buttressing of the outlet glaciers flowing onto the ice shelves
(e.g., refs. 27,28). The uncertainty arises from an imperfect under-
standing of Antarctic Ice Sheet processes and the internal
variability of climate forcing of the ice sheet29. In particular,
experts identified MISI and MICI as challenging to capture
accurately in ice sheet models (e.g., refs. 30,31). The Greenland
Ice Sheet was identified as the greatest source of uncertainty
associated with the ice sheet contribution to GMSL for 18% of
responses for 2100 and 13% for 2300. Uncertainty of the sea level
contribution from the Greenland Ice Sheet is dominated by
surface mass balance changes, with elevation and albedo positive
feedbacks that amplify surface melting at the margins (e.g.,
refs. 32–34). Experts also attributed uncertainty about the
contribution to GMSL rise from ice sheets to the influence of
submarine basins, or feedbacks between ice sheets and ocean/
climate system (Supplementary Information).

Evolution of sea-level rise estimates and ranges
More than 90 projections of GMSL rise were published since H141.
We can assess the influence of these publications on the
expectations of the sea-level research community by comparing
H20 and H14 because the main target questions and the
temperature scenarios are identical (Fig. 4 and Table 1). For the
2100 projections of GMSL rise under RCP 2.6 and RCP 8.5, the PDFs
display similar distributional forms across both survey years.
Notably, the tail of the PDF for RCP 2.6 in H14 extends slightly
beyond the corresponding tails in the H20 survey, suggesting a
slight increase in certainty about the 2100 GMSL projections
among experts for a low-emissions scenario. These findings are
consistent with the recently published database of GMSL
projections from ref. 1, which illustrated minimal change in the
range of projections for 2100 under low-emissions scenarios
since 2014.
The differences between the PDFs of H14 and H20 for 2300

projections across survey years are more distinguishable. The H20
results have extended tails and a clear shift upwards in anticipated
GMSL rise as compared with H14 (Fig. 4). This is an indication that,
although experts appear to be more uncertain about the extent of
GMSL rise by 2300, overall projections increased. Similar to the
2100 results, these results appear consistent with recently
published literature. Although far more publications focused on
projecting GMSL for 2100 than 2300, recent studies suggested
ranges of GMSL rise by 2300 that exceed the range provided in
IPCC AR5, especially for high-emissions scenarios (e.g., refs. 9,23,24).
Reference15 concluded that the uncertainties related to ice sheets
(particularly MICI), grew over the last 6 years, and that GMSL rise
projections grew accordingly. Such uncertainty is most noticeable
in the tails of projections, and on longer time scales (e.g., refs. 5,9).
IPCC reports tend to provide intentionally cautious and

conservative estimates of GMSL rise1, rather than focusing on
high-end, physically plausible sea-level rise risk35. IPCC AR5 and
SROCC projected a likely upper limit of GMSL rise of 0.98 and
1.10m, respectively, for RCP 8.5 by 2100; there is a corresponding
17% probability that GMSL rise will exceed this estimate4. From
the PDFs (Fig. 4), we estimate “exceedance probabilities” for H14
and H20, defined as the probability of exceeding the upper bound
of the likely range from IPCC AR5 and SROCC. According to the
H20 survey PDF, there is a 45% probability that GMSL rise will
exceed 0.98 m and a 33% probability that GMSL rise will exceed
1.10m by 2100 under RCP 8.5. This finding is similar to H14, where
the PDF suggests a 42% and 30% probability of exceedance,
respectively. The broad elicitations of H14 and H20 suggest expert
estimates of GMSL rise in 2100 are often higher than the upper
bound of IPCC AR5 and SROCC.

Upper estimates for high emission scenarios
Open-ended questions included in the survey regarding specific
resources (e.g., academic literature, government reports, etc.) that
were most influential to the professional judgments of the experts
(Fig. 5) provide insight into the reasons why such a large
proportion of experts believed that the IPCC AR5 and SROCC
upper bounds for GMSL under RCP 8.5 would be exceeded by
2100. In total, respondents listed 79 references that influenced
their estimates, of which 67 were reported for the 2100 scenario.
The most cited reference for both 2100 (19%) and 2300 (13%) was
ref. 5, the only ice-sheet model that incorporates MICI. Reference5

postulates that ice cliffs become unstable at elevations higher
than ∼90m above sea level, facilitating the collapse of ice sheets
during warm periods (the Antarctic Ice Sheet is particularly
vulnerable to this process). Reference5 suggests that incorporating
MICI improves agreement of their model with reconstructions of
GMSL during the Last Interglacial, Pliocene, and Miocene5,36.
However, it was shown that MICI is not necessarily required, and
that better agreement might also be achieved with greater ocean

B.P. Horton et al.

5

Published in partnership with CECCR at King Abdulaziz University npj Climate and Atmospheric Science (2020) 18



warming and/or incorporation of meltwater-ocean feedbacks that
increase ice loss37,38. Both refs. 37,38 feature in the list of cited
resources from experts, but due to the brief period of time
between publication and the H20 survey, their impact is
potentially underrepresented in our results. While the role of the
IPCC is prominent in societal and policy debates, we have no clear
understanding of its impact on the field of climate science itself, or
on other scientific fields. Here, the AR5 was the second most cited
source4, with 12% for 2100 and 10% in 2300.
The expert projections for 2100 and 2300 generally illustrate

that substantial uncertainty still remains in projecting GMSL rise1,
with a considerable proportion of experts projecting a greater rise
by 2100 than the IPCC AR5 (Fig. 6). Our survey suggests that
the high upper-end estimates and uncertainties arise from the
expected response of the Antarctic Ice Sheet to warming. The
multimeter GMSL rise projected by some experts under RCP 8.5
would expose up to hundreds of millions of people to coastal
flooding39 and devastate coastal ecosystems40. However, the
expert projections also clearly illustrate the potential for evading
such large GMSL rise through successful reduction of emissions.

METHODS
Choice of experts
The choice of experts is a critical element of expert surveys41,42. We
followed a similar approach taken for the H14 survey to identify sea-level
experts. H14 chose the 500 experts who (co-)authored the most papers.
H20 selected experts who (co-)authored ≥6 papers, the minimum number
of papers published by the top 500 (co-)authors in H14. To objectively
select sea-level experts, we used the scientific publication database Web of
Science of Clarivate to identify the most active publishers of sea-level
papers. On 15 February 2019, we searched for all papers published in peer-
reviewed journals since (and including) 2014 where the term “sea level”
appeared in the title, keywords or “KeyWords Plus” (an algorithm used to
review words or phrases that appear in the cited references of an article) to
identify scientists who (co-)authored the greatest number of these papers.

We obtained a sample of 878 experts who published at least six papers on
“sea level” since 2014. We found e-mail addresses for 817 of these experts
and accordingly invited them to participate in the survey on 18 March
2019, using a unique identifier to ensure anonymity and avoid duplicate
responses. A total of 458 experts opened the e-mail invitation, and of these
112 completed the survey, which is typical for this type of internet survey
(e.g., ref. 43). The main reason given for declining to participate was a
(perceived) lack of expertise in projecting GMSL rise. We closed the survey
on 30 June 2019. We could not analyze six responses from participants
because they either left all boxes blank or filled with a question mark. Not
all survey respondents completed every percentile box.
Thus, a total of 106 sea-level experts from 817 invites (13%) provided

their probabilistic assessment of GMSL rise, given two temperature
scenarios derived from the upper and lower extremes of the RCP
scenarios25 (Fig. 1). This compares to 90 from 360 invites (44%) in H14.
Survey nonresponse increases the risk of error44. There is an international
trend toward declining response rates in social surveys (e.g. refs. 44,45) that
has been attributed to difficulty in contacting individuals, and their
reluctance to participate46 because of the rise of online surveys, mobile
phones, information requests, societal changes, and greater awareness of
privacy issues44.
In the RCP 2.6 scenario, there is warming of ~1 °C by 2100 (relative to

1986–2005), with high probability that the global temperature stays below
the 2015 Paris Agreement, which aims to limit warming to 2 or 1.5 °C
above preindustrial level. RCP 2.6 is equivalent to RCP 3-PD (where “PD”
stands for Peak and Decline) that was used in the H14 survey. In the RCP
8.5 emission scenario, there is warming of 4.5 °C by 2100. For the extended
RCP 2.6 scenario, a global temperature increase of 0.0 to 1.2 °C is projected
for the late 23rd century (2281–2300 average) relative to 1986–200547. For
the extended RCP 8.5, global temperature increase of 3.0–12.6 °C is
projected over the same time period47.

Likelihood language
In recent years, there have been a number of different definitions of
likelihood language, particularly as it pertains to GMSL estimates.
Reference48 defined “likely” to mean at least 66% probability, and “very
likely” to mean at least 90% probability. Such definitions are consistent
with certain publications that discuss GMSL projections, such as ref. 21,
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where probabilities of future GMSL are assessed broadly across a large
number of studies. However, the sea-level rise projections provided in IPCC
AR5 followed a slightly different definition of likelihood language, defining
“likely” to mean a central 66% probability range, and “very likely” to be a
central 90% probability range3. Similarly, the recent SROCC defined “likely
range” as the 17–83% probability range, and “very likely range” as the
5–95% probability range8. Our use of likelihood language follows the IPCC
AR5 and SROCC definitions, consistent with refs. 3,8.

Box plots and PDFs
The survey results are presented as box plots and PDFs. The PDFs provide
easily interpretable summaries of the survey responses while accounting
for the variability and dependencies across the individual expert
projections (see Supplementary Information). For each of the future
emission scenarios, we generated PDFs through Markov Chain Monte Carlo
sampling from the posterior distribution for anticipated GMSL. The model
for estimating the latent sea-level projection distribution, from which we
draw the samples to generate the PDFs, is set up in a hierarchical
framework such that the individual expert projections provide information
for the latent distribution.
The hierarchical modeling approach used to estimate the GMSL PDFs

has the further advantage of down-weighting outlying expert projections
in the summary distribution. This is due to the smoothing effect of the
model assumptions whereby the individual expert percentile estimates
were assumed to come from an underlying distribution, the mean of which
was assumed to come from the latent sea-level projection distribution.
Note, the smoothing effect is less severe than simply summarizing the
individual percentiles across experts based on calculating central summary
statistics (means or medians). To illustrate the down-weighting effect seen
in the PDFs, consider that, 4.8 m is the most extreme expert projection for
the upper bound of the likely range (i.e., the 83rd percentile) by 2100 under
RCP 8.5. This can be interpreted as the belief that there is a 17% chance of
GMSL rise reaching or exceeding 4.8 m by 2100. However, according to the
PDF for this scenario, there is a negligible chance of GMSL rising by 4.8 m
by 2100. Indeed, according to the PDF, projections of GMSL rise exceeding
2.48m by 2100 are outside of the range of what is likely under this
scenario (e.g., refs. 49–52).

Open-ended questions
We invited the experts to state what their greatest source of uncertainty was
for their estimates for 2100 and 2300 under both RCP 2.6 and RCP 8.5 (for the
exact phrasing of the questions see Supplementary Information). In addition,
we invited the experts to provide specific resource(s) (e.g., academic
literature, government reports, etc.) that were most influential to their
responses. Responses to these questions were open-ended to elicit diverse
opinions from experts without being influenced by the survey instrument.
However, open-ended questions have the disadvantage (compared to close-
ended questions) of having both more non-responses and a need for
extensive analysis. We nonetheless decided to use open-ended questions to
avoid biases in influencing our respondents’ opinion about their sources of
uncertainty and resources regarding sea-level rise estimates.
We placed the responses for sources of uncertainty into four main

categories: (1) ice-sheet uncertainty, (2) anthropogenic uncertainty, (3)
model/data limitations, and (4) ocean-atmosphere uncertainty. Ice-sheet
uncertainty refers to the stability of ice sheets and ice–ocean-climate
system feedbacks. Anthropogenic uncertainty refers to the uncertainties
regarding the level of greenhouse gas emissions in the atmosphere as a
result of permafrost thawing, fossil fuels, and potential mitigation
strategies implemented by society, or the effect of land water storage
from dam impoundment or groundwater withdrawal. Model/data refers to
uncertainty about scientific estimations and models or data gaps needed
to model these systems accurately. Ocean-atmosphere uncertainty refers
to the distribution of heat as a result of ocean circulation. In many cases,
experts provided more than one source of uncertainty for their sea-level
rise estimates. We reported the number of times a particular source of
uncertainty was provided in our open-ended questions, therefore the
number of selected uncertainties can (and does) exceed the number of
individual experts who responded to the survey.
For the open-ended questions about the specific resources used to

support their sea-level rise estimates, most experts provided the author,
year, and journal of publication, from which we were able to identify the
specific reference. We reported the number of times each article was
stated by our respondents. We also received responses that were generic

(e.g., articles from a specific author) or a misspelling from the expert. We
did not report these cases because we could not identify the specific
references to which the respondent was referring.
We received approval to conduct our survey from the NTU Institutional

Review Board on 17 January 2019 (IRB-2018-10-048).

DATA AVAILABILITY
All data generated during this study are included in this published article (and its
Supplementary Information). The data are also available in Nanyang Technological
University (NTU) repository [https://researchdata.ntu.edu.sg/dataset.xhtml?
persistentId=doi:10.21979/N9/JBCF2Q].

CODE AVAILABILITY
The code for producing the probability density functions (PDF) is available at https://
github.com/ncahill89/H20Survey.

Received: 27 December 2019; Accepted: 6 April 2020;
Published online: 08 May 2020

REFERENCES
1. Garner, A. J. et al. Evolution of 21st century sea level rise projections. Earths Futur.

6, 1603–1615 (2018).
2. Sriver, R. L., Lempert, R. J., Wikman-Svahn, P. & Keller, K. Characterizing uncertain

sea-level rise projections to support investment decisions. PLoS One 13,
e0190641 (2018).

3. Church, J. A. et al. Sea-level rise by 2100. Science 342, 1445–1445 (2013).
4. Church, J. A. et al. Sea level change. in Climate Change 2013: The Physical Science

Basis. Contribution of Working Group I to the Fifth Assessment Report of the Inter-
governmental Panel on Climate Change (eds. Stocker, T. F. et al.) 1137–1216
(Cambridge University Press, 2013), https://doi.org/10.1017/CBO9781107415324.026.

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

6. Pattyn, F. et al. The Greenland and Antarctic ice sheets under 1.5 °C global
warming. Nat. Clim. Change 8, 1053–1061 (2018).

7. Bars, D. L. Uncertainty in sea level rise projections due to the dependence
between contributors. Earths Futur. 6, 1275–1291 (2018).

8. IPCC. Summary for policymakers. in IPCC Special Report on the Ocean and Cryo-
sphere in a Changing Climate (IPCC, 2019).

9. Kopp, R. E. et al. Evolving understanding of Antarctic ice-sheet physics
and ambiguity in probabilistic sea-level projections. Earths Futur. 5, 1217–1233
(2017).

10. Wong, T. E., Bakker, A. M. R. & Keller, K. Impacts of Antarctic fast dynamics on sea-
level projections and coastal flood defense. Clim. Change 144, 347–364 (2017).

11. Jevrejeva, S., Moore, J. C. & Grinsted, A. Sea level projections to AD2500 with a
new generation of climate change scenarios. Glob. Planet. Change 80–81, 14–20
(2012).

12. Rahmstorf, S. A semi-empirical approach to projecting future sea-level rise. Sci-
ence 315, 368–370 (2007).

13. Rahmstorf, S., Perrette, M. & Vermeer, M. Testing the robustness of semi-empirical
sea level projections. Clim. Dyn. 39, 861–875 (2012).

14. Vermeer, M. & Rahmstorf, S. Global sea level linked to global temperature. Proc.
Natl Acad. Sci. 106, 21527–21532 (2009).

15. Bamber, J. L., Oppenheimer, M., Kopp, R. E., Aspinall, W. P. & Cooke, R. M. Ice sheet
contributions to future sea-level rise from structured expert judgment. Proc. Natl
Acad. Sci. 116, 11195–11200 (2019).

16. Bamber, J. L. & Aspinall, W. P. An expert judgement assessment of future sea level
rise from the ice sheets. Nat. Clim. Change 3, 424–427 (2013).

17. Horton, B. P., Rahmstorf, S., Engelhart, S. E. & Kemp, A. C. Expert assessment of
sea-level rise by AD 2100 and AD 2300. Quat. Sci. Rev. 84, 1–6 (2014).

18. Hoffmann, S., Fischbeck, P., Krupnick, A. & McWilliams, M. Using expert elicitation
to link foodborne illnesses in the United States to foods. J. Food Prot. 70,
1220–1229 (2007).

19. Sweet, W. et al. Global and Regional Sea Level Rise Scenarios for the United States.
NOAA Technical Report NOS CO-OPS 083 NOAANOS, Center for Operational
Oceanographic Products and Services (2017).

20. Bornmann, L. & Mutz, R. Growth rates of modern science: a bibliometric analysis
based on the number of publications and cited references. J. Assoc. Inf. Sci.
Technol. 66, 2215–2222 (2015).

21. Horton, B. P. et al. Mapping sea-level change in time, space, and probability.
Annu. Rev. Environ. Resour. 43, 481–521 (2018).

B.P. Horton et al.

7

Published in partnership with CECCR at King Abdulaziz University npj Climate and Atmospheric Science (2020) 18

https://researchdata.ntu.edu.sg/dataset.xhtml?persistentId=doi:10.21979/N9/JBCF2Q
https://researchdata.ntu.edu.sg/dataset.xhtml?persistentId=doi:10.21979/N9/JBCF2Q
https://github.com/ncahill89/H20Survey
https://github.com/ncahill89/H20Survey
https://doi.org/10.1017/CBO9781107415324.026


22. Mengel, M. et al. Future sea level rise constrained by observations and long-term
commitment. Proc. Natl. Acad. Sci. 201500515, https://doi.org/10.1073/
pnas.1500515113 (2016).

23. Kopp, R. E. et al. Probabilistic 21st and 22nd century sea-level projections at a
global network of tide-gauge sites. Earths Futur. 2, 2014EF000239 (2014).

24. Nauels, A., Meinshausen, M., Mengel, M., Lorbacher, K. & Wigley, T. M. L. Syn-
thesizing long-term sea level rise projections – the MAGICC sea level model v2.0.
Geosci. Model Dev. 10, 2495–2524 (2017).

25. Meinshausen, M. et al. The RCP greenhouse gas concentrations and their
extensions from 1765 to 2300. Clim. Change 109, 213 (2011).

26. Morlighem, M. et al. BedMachine v3: complete bed topography and ocean
bathymetry mapping of Greenland from multibeam echo sounding combined
with mass conservation. Geophys. Res. Lett. 44(11), 11051–11061 (2017).

27. Rignot, E. et al. Four decades of Antarctic Ice Sheet mass balance from
1979–2017. Proc. Natl Acad. Sci. 116, 1095–1103 (2019).

28. Shepherd, A. et al. Mass balance of the Antarctic Ice Sheet from 1992 to 2017.
Nature 558, 219–222 (2018).

29. Robel, A. A., Seroussi, H. & Roe, G. H. Marine ice sheet instability amplifies and
skews uncertainty in projections of future sea-level rise. Proc. Natl Acad. Sci. 116,
14887–14892 (2019).

30. Goelzer, H. et al. Design and results of the ice sheet model initialisation experi-
ments initMIP-Greenland: an ISMIP6 intercomparison. Cryosphere 12, 1433–1460
(2018).

31. Turner, J. et al. Atmosphere-ocean-ice interactions in the Amundsen Sea
Embayment, West Antarctica. Rev. Geophys. 55, 235–276 (2017).

32. Aschwanden, A. et al. Contribution of the Greenland Ice Sheet to sea level over
the next millennium. Sci. Adv. 5, eaav9396 (2019).

33. Mouginot, J. et al. Forty-six years of Greenland Ice Sheet mass balance from 1972
to 2018. Proc. Natl. Acad. Sci. 116, 9239–9244 (2019).

34. Pattyn, F. Sea-level response to melting of Antarctic ice shelves on multi-
centennial timescales with the fast Elementary Thermomechanical Ice Sheet
model (f.ETISh v1.0). Cryosphere 11, 1851–1878 (2017).

35. Stammer, D. et al. Framework for high-end estimates of sea level rise for stake-
holder applications. Earths Future 7, 923–938 (2019).

36. Pollard, D., DeConto, R. M. & Alley, R. B. Potential Antarctic Ice Sheet retreat
driven by hydrofracturing and ice cliff failure. Earth Planet. Sci. Lett. 412,
112–121 (2015).

37. Edwards, T. L. et al. Revisiting Antarctic ice loss due to marine ice-cliff instability.
Nature 566, 58 (2019).

38. Golledge, N. R. et al. Global environmental consequences of twenty-first-century
ice-sheet melt. Nature 566, 65 (2019).

39. Kulp, S. A. & Strauss, B. H. New elevation data triple estimates of global vulner-
ability to sea-level rise and coastal flooding. Nat. Commun. 10, 1–12 (2019).

40. Kirwan, M. L., Temmerman, S., Skeehan, E. E., Guntenspergen, G. R. & Fagherazzi,
S. Overestimation of marsh vulnerability to sea level rise. Nat. Clim. Change 6,
253–260 (2016).

41. Knol, A. B., Slottje, P., van der Sluijs, J. P. & Lebret, E. The use of expert elicitation in
environmental health impact assessment: a seven step procedure. Environ. Health
9, 19 (2010).

42. USEPA. Report on the 2011 U.S. Environmental Protection Agency (EPA) Deconta-
mination Research and Development Conference, USEPA (2011).

43. Wardekker, J. A., de Jong, A. & van der Sluijs, J. P. Expert Elicitation on Uncertainty,
Climate Change and Human Health, Copernicus Institute, 71 (2010).

44. Beullens, K., Loosveldt, G., Vandenplas, C. & Stoop, I. Response rates in the eur-
opean social survey: increasing, decreasing, or a matter of fieldwork efforts? Surv.
Methods Insights Field https://doi.org/10.13094/SMIF-2018-00003 (2018).

45. Brick, J. M. & Williams, D. Explaining rising nonresponse rates in cross-sectional
surveys. Ann. Am. Acad. Pol. Soc. Sci. 645, 36–59 (2013).

46. Singer, E. Introduction nonresponse bias in household surveys. Public Opin. Q. 70,
637–645 (2006).

47. Collins, M. et al. Long-term climate change: projections, commitments and irre-
versibility. in Climate Change 2013: The Physical Science Basis. Contribution of
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change (eds. Stocker, T. F. et al.) 1029–1136 (Cambridge University Press,
2013), https://doi.org/10.1017/CBO9781107415324.024.

48. Mastrandrea, M. D. et al. The IPCC AR5 guidance note on consistent treatment of
uncertainties: a common approach across the working groups. Clim. Change 108,
675 (2010).

49. Gregory, J. M. et al. Comment on “Expert assessment of sea-level rise by AD 2100
and AD 2300”, by Horton et al. (2014). Quat. Sci. Rev. 97, 193–194 (2014).

50. Golledge, N. R. et al. The multi-millennial Antarctic commitment to future sea-
level rise. Nature 526, 421–425 (2015).

51. Clark, P. U. et al. Consequences of twenty-first-century policy for multi-millennial
climate and sea-level change. Nat. Clim. Change 6, 360–369 (2016).

52. Dutton, A. et al. Sea-level rise due to polar ice-sheet mass loss during past warm
periods. Science 349, aaa4019 (2015).

ACKNOWLEDGEMENTS
B.P.H., N.S.K., and T.A.S. are supported by the Singapore Ministry of Education
Academic Research Fund MOE2019-T3-1-004, the National Research Foundation
Singapore, and the Singapore Ministry of Education, under the Research Centers of
Excellence initiative. This article is a contribution to PALSEA (Palaeo-Constraints on
Sea-Level Rise), HOLSEA, and International Geoscience Program (IGCP) Project 639,
“Sea-Level Changes from Minutes to Millennia”. This work is Earth Observatory of
Singapore contribution 299.

AUTHOR CONTRIBUTIONS
B.P.H. designed and oversaw all aspects of the research and took the lead on writing
the manuscript. N.S.K., J.S.H.L., T.A.S., A.C.K., S.E.E., and S.R. led the design of the survey
and N.S.K. and T.A.S. identified the experts. N.C. constructed the probability density
functions and applied a statistical model to estimate exceedance probabilities.
Selected portions of the manuscript or supplement were written by all authors. All
authors reviewed the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information is available for this paper at https://doi.org/10.1038/
s41612-020-0121-5.

Correspondence and requests for materials should be addressed to B.P.H.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2020

B.P. Horton et al.

8

npj Climate and Atmospheric Science (2020) 18 Published in partnership with CECCR at King Abdulaziz University

https://doi.org/10.1073/pnas.1500515113
https://doi.org/10.1073/pnas.1500515113
https://doi.org/10.13094/SMIF-2018-00003
https://doi.org/10.1017/CBO9781107415324.024
https://doi.org/10.1038/s41612-020-0121-5
https://doi.org/10.1038/s41612-020-0121-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Title
	Abstract
	Introduction
	Figure 1

	Results
	Sea-level experts
	Figure 2
	Figure 3

	Estimates of GMSL rise by 2100 and 2300

	Discussion
	Expert projections
	Figure 4
	Table 1

	Evolution of sea-level rise estimates and ranges
	Upper estimates for high emission scenarios
	Figure 5
	Figure 6


	Methods
	Choice of experts
	Likelihood language
	Box plots and PDFs
	Open-ended questions

	Data Availability
	Code Availability
	References



