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Abstract

Projections of future sea-level change are characterized by both quantifiable uncertainty and by ambiguity. Both types of

uncertainty are relevant to users of sea-level projections, particularly those making long-term investment and planning decisions

with multigenerational consequences. Communicating information about both types is thus a central challenge faced by scientists

who generate sea-level projections to support decision-making. Diverse approaches to communicating uncertainty in future sea-

level projections have been taken over the last several decades, but the literature evaluating these approaches is limited and

not systematic. Here, we review how the Intergovernmental Panel on Climate Change (IPCC) has approached uncertainty

in sealevel projections in past assessment cycles and how this information has been interpreted by national and subnational

assessments, as well as alternative approaches used by recent US subnational assessments. The evidence reviewed here generally

supports the explicit approach to communicating both types of uncertainty adopted by the IPCC Sixth Assessment Report

(AR6).
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Projections of future sea-level change are characterized by both quantifiable uncertainty 12 
and by ambiguity. Both types of uncertainty are relevant to users of sea-level 13 
projections, particularly those making long-term investment and planning decisions with 14 
multigenerational consequences. Communicating information about both types is thus a 15 
central challenge faced by scientists who generate sea-level projections to support 16 
decision-making. Diverse approaches to communicating uncertainty in future sea-level 17 
projections have been taken over the last several decades, but the literature evaluating 18 
these approaches is limited and not systematic. Here, we review how the 19 
Intergovernmental Panel on Climate Change (IPCC) has approached uncertainty in sea-20 
level projections in past assessment cycles and how this information has been 21 
interpreted by national and subnational assessments, as well as alternative approaches 22 
used by recent US subnational assessments. The evidence reviewed here generally 23 
supports the explicit approach to communicating both types of uncertainty adopted by 24 
the IPCC Sixth Assessment Report (AR6). 25 

 
1 Department of Earth and Planetary Sciences and Rutgers Institute of Earth, Ocean, and Atmospheric Sciences, 
Rutgers University, New Brunswick, NJ, USA 
2 School of Public and International Affairs and Department of Geosciences, Princeton University, Princeton, NJ, USA 
3 Hamilton Lugar School of Global and International Studies, Indiana University Bloomington, Bloomington, IN, USA 
4 Royal Netherlands Meteorological Institute, Utrechtseweg 297, 3731 GA, De Bilt, The Netherlands, and Institute for 
Marine and Atmospheric Research Utrecht, Department of Physics, Utrecht University, Princetonplein 5, 3584 CC, 
Utrecht, The Netherlands 
5 Department of Geography, King’s College London, London, UK 
6 Department of Earth, Environmental, and Planetary Sciences, Brown University, Providence, RI, USA 
7 Gro Intelligence, USA 
8 Antarctic Research Centre, Victoria University of Wellington, Wellington, New Zealand 
9 NIOZ Royal Netherlands Institute for Sea Research, Department of Estuarine and Delta Systems, Yerseke, The 
Netherlands and Department of Geosciences and Remote Sensing, Delft University of Technology, Delft, The 
Netherlands 
10 Met Office, Exeter, United Kingdom 
11 Asian School of the Environment, Nanyang Technological University, Singapore 
12 CNRS, Université Grenoble Alpes, Institut de Géosciences de l’Environnement (IGE), 
Grenoble, France 
13 Institute of Oceanography, Center for Earth System Research and Sustainability (CEN), Universität Hamburg, 
Hamburg, Germany, and Max Planck Institute for Meteorology, Hamburg, Germany 
14 Department of Geology, University at Buffalo, Buffalo, NY, USA 
15 Met Office, Exeter, United Kingdom and University of Bristol, United Kingdom 
16 NIOZ Royal Netherlands Institute for Sea Research, Department of Estuarine and Delta Systems, Yerseke, The 
Netherlands 
17 State Key Laboratory of Earth Surface Processes and Resource Ecology, Beijing Normal University, Beijing, China 



2 

 26 
Projections of future sea-level change are characterized by two qualitatively different types of 27 
uncertainty: quantifiable uncertainty, which can be represented by single, well-defined probability 28 
distributions, and ambiguity, which cannot be. Ambiguity is associated with disagreement in probability 29 
distributions estimated using alternative approaches and arises in situations in which reasonable analysts 30 
can interpret a common set of facts in highly divergent ways. For example, in figures 1a and 1b, 31 
quantifiable uncertainty is reflected in individual probability distributions of projected 21st century sea 32 
level change, while ambiguity is reflected in the divergence among the several alternative distributions 33 
shown. Ambiguity is lower in sea-level projections extexnding only a few decades into the future and 34 
under lower emissions scenarios, and higher in the longer term and under higher emissions scenarios 1,2. 35 
The sources of ambiguity in sea-level projections include process-level structural uncertainty, cascades of 36 
connected consequences, and other difficult to quantify aspects, particularly involving ice sheets and their 37 
interactions with other components of the climate system. Ambiguity poses a challenge for decision 38 
frameworks, such as benefit-cost analysis, that presume the existence of well-defined distributions. For 39 
risk and ambiguity averse decision makers with substantial value at stake, ambiguity may require the 40 
application of robust decision making approaches, such as the development of “adaptation pathways” that 41 
begin with low-regret options and identify contingencies to be followed adaptively as various 42 
socioenvironmental thresholds are neared 3–5. 43 
 44 
Scientific assessment reports are important documents linking climate science researchers and 45 
policymakers 6. Different ways of communicating quantifiable uncertainty and ambiguity in such reports 46 
can lead to different interpretations by policymakers and thus, potentially, to different policy outcomes. 47 
For example, over-emphasis on quantifiable uncertainty might lead to neglect of ambiguous, but 48 
potentially high impact, outcomes associated with significant value at risk, while over-emphasis on 49 
ambiguous high-end outcomes might lead to costly and complex decision frameworks and adaptation 50 
measures in situations where they are not necessary. Characterizing different ways of communicating 51 
uncertainty and ambiguity, as well as their implications for policy end-users, is thus an important area of 52 
study.  53 
 54 
This paper examines the history of communication of uncertainty and ambiguity in sea-level projections, 55 
with a primary focus on scientific assessment reports, and places the approach adopted by the 56 
Intergovernmental Panel on Climate Change (IPCC)’s Sixth Assessment Report (AR6) in the context of 57 
this history. Specifically, we examine assessment report figures and tables that communicate sea-level 58 
rise projections. As architectural elements, figures and tables stand out from report text and receive more 59 
attention during drafting, review, approval, and post-publication presentation. Such graphical 60 
representations of climate knowledge – as well as anticipated and scrutinized sea-level rise projections 61 
themselves – serve as “anchoring devices” that focus epistemic attention and criticism 7,8.  62 
 63 
Closely related to the concept of anchoring devices is the concept of “boundary objects”: knowledge 64 
products that help translate between scales of governance, serve as adaptable items between different 65 
audiences, and articulate and maintain boundaries between epistemic domains and types of expertise 9,10. 66 
Here, we consider sea-level rise figures and tables as boundary objects between international researchers 67 
and national/subnational decision makers. While IPCC reports are immediately relevant for global climate 68 
policy like the Paris Agreement, they often need to be re-packaged for other scales of policy relevance. 69 
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For national and subnational decision makers, for example, global findings need to be downscaled. In 70 
addition, cultural perceptions, expectations, and styles of communicating risk, uncertainty, and ambiguity 71 
may encourage local users to reframe sea-level rise knowledge to make it easier to understand, and 72 
therefore, use, in non-global contexts. As boundary objects, key figures and tables in IPCC reports play a 73 
central role in the reframing process. 74 
 75 
By tracking the history of sea-level projection boundary objects in assessment reports, and in particular 76 
the way these boundary objects balance the communication of quantifiable uncertainty and ambiguity, we 77 
place the AR6 approach in historical context. We hypothesize that the AR6 approach, which explicitly 78 
communicates both types of uncertainty in key boundary objects, will more readily facilitate informed 79 
adaptation policy making that appropriately balances the two types based on risk context, and we argue 80 
that this hypothesis should be a topic of empirical investigation. 81 
 82 

1. Uncertainty and ambiguity 83 
 84 

The distinction between quantifiable uncertainty and ambiguity has a long history in risk analysis. Frank 85 
Knight 11 distinguished between “measurable uncertainty,” which he also dubbed “Risk,” and 86 
“unmeasurable uncertainty,” for which he reserved the term “Uncertainty” and which is sometimes 87 
referred to in subsequent literature as “Knightian uncertainty.” Knightian risks are characterized by 88 
quantifiable probability distributions, and therefore can be the subject of confident investments by risk-89 
taking businesses; Knightian uncertainties cannot be. 90 
 91 
Daniel Ellsberg 12 introduced the term ‘ambiguity’ as a metric of Knightian uncertainty. Ambiguity, in 92 
Ellsberg’s conception, is an inverse measure of “the amount, type, reliability, and unanimity of 93 
information.” Higher ambiguity is associated with lower confidence in an assessment of probabilities, and 94 
vice versa. In situations of ambiguity, people may exhibit preferences among different possible actions 95 
that are not consistent with describing states of nature by a single, self-consistent probability distribution. 96 
Ambiguity arises when multiple reasonable probability distributions over states of nature exist and an 97 
analyst is not confident assigning weights to them.  98 
 99 
The concept of ambiguity is closely related to the concept of ‘deep uncertainty’, defined by Lempert et al. 100 
13 as referring to states when analysts cannot agree upon “(1) the appropriate models to describe the 101 
interactions among a system’s variables, (2) the probability distributions to represent uncertainty about 102 
key variables and parameters in the models, and/or (3) how to value the desirability of alternative 103 
outcomes.” The first two elements of the definition of deep uncertainty are associated with high 104 
ambiguity, low confidence, and the absence of unanimity, though the ‘deep uncertainty’ framing suggests 105 
a more dichotomous criterion than that of ambiguity. 106 
 107 
Though the Intergovernmental Panel on Climate Change (IPCC) did not use the term ‘ambiguity’ or 108 
acknowledge its Ellsbergian heritage, the IPCC has since the Fifth Assessment Report formally 109 
distinguished between two axes of uncertainty: likelihood and confidence 14,15.18 Likelihood corresponds 110 

 
18 Throughout this article, we follow IPCC convention an italicize likelihood and confidence language 
when it was intended by its authors to have a specific, formal definition. We do not italicize these terms 
when used by authors other than the IPCC. 
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to quantifiable uncertainty, although in IPCC usage the probabilities reflected with likelihood terms are 111 
always imprecise probability terms (e.g., likely means ‘66-100% probability’). Confidence is a measure of 112 
the “type, amount, quantity and consistency of evidence” and the “degree of agreement,” – with 113 
increasing confidence closely parallelling decreases in the Ellsbergian metric of ambiguity. Building off 114 
the IPCC typology, Hinkel et al. 16 suggested presenting sea-level projection uncertainty using tiered 115 
imprecise probability distributions of different levels of confidence, a concept developed 116 
contemporaneously by the AR6 author team and closely related to Ellsberg’s original conception of the 117 
relationship between ambiguity and probability distributions. 118 
 119 
Probability boxes, or p-boxes, provide a convenient way to visualize the distinction between quantifiable 120 
uncertainty and ambiguity (Figure 1c-f) 17,18. Where multiple probability distributions can describe a 121 
quantity, the p-box delimits the probability bounds that contain all their cumulative distribution functions. 122 
For example, the 83rd percentile of the p-box spans from the lowest 83rd percentile to the highest 83rd 123 
percentile of all distributions considered. All probability distributions will agree that there is at least a 124 
66% likelihood (i.e., in IPCC terminology, that it is likely) that the true value of a quantity lies between 125 
the lower 17th percentile and upper 83rd percentile of the p-box. The width of the p-box is a metric of 126 
ambiguity: where there is a high degree of unanimity in the estimate of a given percentile, the p-box will 127 
be narrow, while where there is a high degree of ambiguity, the p-box will be wide. 128 
 129 
The presence of ambiguity in sea-level and climate projections has implications for decision-making 130 
paradigms 2–5. Benefit-cost analysis (BCA), for example, derives from a subjective expected utility 131 
maximization approach, which requires both well-defined probability distributions and preferences that 132 
are reducible to a unidimensional utility function 3. Ambiguous inputs to a decision analysis violate the 133 
first requirement, and are also often associated with more complex preference structures. Thus, problems 134 
in which decisions are sensitive to ambiguous inputs pose fundamental challenges to BCA, and are often 135 
best addressed with alternative, multi-objective robust decision making approaches 4. Where it is present, 136 
clearly communicating ambiguity thus can be of crucial importance for decision making. 137 
 138 

2. Communicating uncertainty and ambiguity in the first five IPCC assessment cycles 139 
 140 

Since sea-level rise projections first appeared in the modern scientific literature in the 1970s, they have 141 
exhibited ambiguity related to ice sheet processes, particularly the behavior of the West Antarctic Ice 142 
Sheet (WAIS). WAIS’ physical characteristics – with the bulk of the ice sheet grounded below sea level – 143 
give rise to dynamics that are a notable challenge to understand, model, and project. As John Mercer 19 144 
noted, “the marine ice sheet in West Antarctica can exist only so long as its grounded portion is buttressed 145 
by fringing ice shelves, …. [which] are vulnerable to both oceanic and atmospheric warming.” Drawing 146 
on geological precedents, Mercer warned of a “threat of disaster” from the WAIS and highlighted the 147 
ambiguity of the hazard (emphasis added): 148 
 149 

Present models of the climatic effects of [carbon dioxide] doubling compute a rise in temperature 150 
that could cause rapid deglaciation of West Antarctica, leading to a 5 m rise in sea level. 151 
Although the models are known to be crude and over-simplified, so that the climatic changes that 152 
will actually occur will no doubt differ considerably from their estimates, there is, at present, no 153 
way of knowing whether the models err on the optimistic or pessimistic side. 154 
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 155 
Vivien Gornitz and colleagues 20 focused on quantifiable uncertainties, using a statistical model to 156 
estimate an 18-year lagged sea-level response to warming of about 16 cm/K, while also noting 157 
 158 

It is not inconceivable that the situation is near a point at which continued warming and rise of 159 
sea level could cause rapid, highly nonlinear disintegration of the ice sheet. We should emphasize 160 
that we have no evidence for such a process. Indeed the sea level change we have deduced 161 
appears to be linear with temperature, and largely a result of the thermal expansion of seawater. 162 
Nevertheless, since sea level is at a high point and rising, the West Antarctic ice sheet warrants 163 
close attention. 164 

 165 
Despite these cautionary notes in the early literature, the first three IPCC assessment reports left rapid ice 166 
sheet dynamics out of sea-level rise projection tables. The reports viewed such dynamics as low 167 
probability rather than ambiguous; they considered a large contribution to sea-level rise from Antarctic 168 
mass loss on a century scale to be “unlikely” 21, “low” likelihood 22, or “very unlikely” 23 (Table ED1).  169 
 170 
However, the presumed stability of WAIS, and the stability of its representation in climate assessments, 171 
changed in the IPCC Fourth Assessment Report (AR4)7. A slew of surprising observations had appeared 172 
in the literature 24, for which existing ice sheet models could not account 25, and new methods of sea-level 173 
projection were emerging that contrasted with the consensus storyline (e.g., ref. 26). There also was 174 
increasingly intense public scrutiny over the work of the IPCC itself, along a continuum of interests from 175 
climate contrarians to climate activists, as well as a growing number of institutions trying to incorporate 176 
climate projections into their planning (e.g., ref. 27).  177 
 178 
AR4 cautiously concluded that the likelihood of future changes in ice-sheet discharge – whether steady, 179 
reduced, or accelerated – could not be assessed, and therefore assessed neither a best estimate nor a likely 180 
range of future sea-level change 28 (Table ED1, Figure S1). Instead, 5th-95th percentile ranges were 181 
calculated with no interpretation of the ranges in terms of likelihood. Within the AR4 projections chapter, 182 
the summary table (ref. 28, table 10.7) and figure (ref. 28, figure 10.33) include estimated ranges of 183 
potential contributions from “scaled-up ice sheet discharge” (up to 0.17 m between 1980-1999 and 2080-184 
2099 under the highest emissions scenario) but did not add these estimates into total sea-level rise 185 
projections. The figure caption reiterated the caution that “we cannot assess the likelihood of any of 186 
[current, reduced, or scaled-up ice sheet discharge], which are presented as illustrative” (ref. 28, figure 187 
10.33).  The Summary for Policymakers (SPM) table (ref. 29, table SPM.3) reduces this caution to a 188 
column header noting that it is presenting a “model-based range excluding future rapid dynamical 189 
changes in ice flows”, but also includes in the associated text a caution that “larger values cannot be 190 
excluded, but understanding of these effects is too limited to assess their likelihood or provide a best 191 
estimate or upper bound for sea-level rise”  29.  192 
 193 
To this day, the question of whether representing uncertainty, and particularly the ambiguous situation 194 
with respect to ice dynamical changes, in this way was a wise choice by AR4 authors remains contested. 195 
On the one hand, an opportunity was missed to highlight the state of ambiguity in projections by 196 
presenting in figures and tables diverse estimates based on sensitivity tests or other approximation 197 
methods and, as a result, IPCC may have caused stakeholders to plan and implement policies based on the 198 



6 

partial information captured by quantifiable uncertainty 6.  On the other hand, had diverse estimates of the 199 
effects of these dynamical processes been included in tables and figures, that might just as easily have led 200 
stakeholders to plan based on excessively high projections 6,7.  201 
 202 
Some sophisticated national/subnational assessments did build off of AR4’s flag of the potential 203 
contribution of accelerated ice sheet discharge, taking AR4 projections plus scaled-up discharge estimates 204 
as a point of comparison for independently developed high-end projections 30,31. Ref. 31 explained the 205 
value of such high-end scenarios, noting that a high-end scenario “provides users with estimates of SLR 206 
and surge increase beyond the likely range but within physical plausibility. It is useful for contingency 207 
planning when a higher level of protection might be needed [and] might also be used to justify a 208 
monitoring strategy.” 209 
 210 
In contrast to AR4, the IPCC Fifth Assessment Report (AR5) did assess likely ranges of future sea-level 211 
change 32 (Figure S2, S3). The AR5 sea-level projections were generated through a probabilistic approach 212 
that involved sampling uncertainties, with the results presented as median and likely ranges and the shape 213 
of the distribution left unstated. While ‘likely’ in the IPCC’s post-TAR formal terminology refers to a 214 
probability of between 66 and 100%, the authors of the AR5 sea level chapter used a slightly different 215 
interpretation. As they clarified in a short letter to Science 33, they interpreted that there was “roughly a 216 
one-third probability that sea-level rise by 2100 may lie outside the likely range” – i.e., the likely range as 217 
meaning ‘about 66%’ (roughly a 1-in-3 chance of a value outside the range) rather than ‘at least 66%.’ 218 
(no more than a 1-in-3 chance of a value outside the range). 219 
 220 
Notably, the reported likely ranges included an adjustment for structural uncertainty based upon the report 221 
authors’ informal expert judgment. Because the 5th-95th percentile range of transient climate response 222 
(TCR) in the Coupled Model Intercomparison Project Phase 5 (CMIP5) ensemble aligned with the AR5 223 
assessed TCR likely range, the likely ranges of all long-term projections derived from the CMIP5 224 
ensemble – including the AR5 sea-level projections – were taken from the 5th-95th percentile of the 225 
ensemble range 34. In the context of sea-level projections, this fact, highlighted in a footnote on the SPM 226 
table (ref. 35, table SPM.2), appears to have led to considerable confusion, discussed by ref. 36. (The 227 
practice is still used in the AR6 for some climate indicators, though not global mean surface air 228 
temperature change or sea level change 37. )  229 
 230 
AR5 also included a semi-quantitative discussion of ambiguity in global mean sea level (GMSL) 231 
projections, in the form of a caveat repeated in the text, the chapter table (ref. 32, table 13.5), and the 232 
SPM table: “Based on current understanding, only the collapse of marine-based sectors of the Antarctic 233 
ice sheet, if initiated, could cause global mean sea level to rise substantially above the likely range during 234 
the 21st century. There is medium confidence that this additional contribution would not exceed several 235 
tenths of a meter of sea-level rise during the 21st century” 32,35. 236 
 237 
Multiple examples from national and subnational assessments that built upon AR5 indicate that both of 238 
these nuances – the interpretation of the likely range derived from the 5th-95th percentile range of model 239 
output as “roughly a one-third probability” and the potential for several tenths of a meter additional sea-240 
level rise from marine-based sectors, were not effectively communicated. Of five national or subnational 241 
assessments relying quantitatively on the AR5 projections and not including an IPCC lead author as a co-242 
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author, four interpreted the likely range as having a 90% probability; only one interpreted the likely range 243 
consistent with the canonical IPCC interpretation (66-100%) and none with the interpretation intended by 244 
the authors (about 66%) (see overview in Table ED2). Of these five, four made some attempts to consider 245 
the contribution of marine-based Antarctic ice sheet sectors to sea level rise above the IPCC likely range, 246 
but only one of these four motivated this attempt by reference to the IPCC caveat. Our interpretation is 247 
that most experts working on the post-AR5 assessments recognized the importance of considering 248 
ambiguity in high-end sea-level rise, but often not because of AR5’s cautionary statement. 249 
 250 

3. Alternate boundary objects in US subnational assessments 251 
 252 
In the period between the AR5 and AR6 assessments, US subnational assessments experimented with a 253 
variety of ways of communicating sea level uncertainty and ambiguity. (See ref. 38 for an overview of 254 
subnational US assessments.) In general, the quantitative bases of these assessments rested upon 255 
probabilistic relative sea-level projections, mostly those produced by Kopp et al. 39,40, rather than the AR5 256 
projections, though the communication challenges posed were similar.  257 
 258 
Some subnational assessments communicated uncertainty through presenting a broader set of quantiles 259 
than the AR5 likely ranges, and communicated ambiguity through the inclusion of a non-probabilistic, 260 
high-end sea-level rise scenario. The 2017 California assessment 41, for example, presented median and 261 
likely ranges (in a break from AR5, defined precisely as 17th-83rd percentile), as well as 95th and 99.5th 262 
percentiles, and a high-end scenario (Figure S4). The New York City Panel on Climate Change 42 took a 263 
similar approach, showing four quantiles of projections (10th, 17th, 83rd, and 90th) and a high-end 264 
scenario (Figure S6). In both cases, the high-end scenarios (labeled H++ (high-plus-plus) following 31 in 265 
the California assessment and “Antarctic Rapid Ice Melt” in the New York City assessment) were derived 266 
from Kopp et al. 39 projections by Sweet et al. 43, based upon an estimate of maximum plausible GMSL 267 
rise of 2.5 m by 2100. 268 
 269 
Other subnational assessments presented multiple alternative probability distributions with different 270 
levels of confidence. The State of Maryland 44 emphasized the relatively conservative probabilistic 271 
projections of Kopp et al. (2014) in their primary table, though highlighted the higher end of the 272 
projections by including 95th and 99th percentile projections along with 17th, 50th, and 83rd percentiles 273 
(Figure S7). In addition, the central table appears immediately above text that presents the 17th-83rd 274 
percentile range of higher projections that incorporate an ice sheet model capable of representing Marine 275 
Ice Cliff Instability. The decision to emphasize the higher confidence processes in the table while 276 
consigning lower confidence processes to text was a deliberate choice; in an early draft, both results were 277 
presented in tables, leading to concerns that the difference in confidence would not be accurately 278 
conveyed. 279 
 280 
A third approach was adopted by the New Jersey Science and Technical Advisory Panel 45 (Figure S8). 281 
Rather than presenting probability distributions, the New Jersey assessment utilized (but did not illustrate) 282 
p-boxes summarizing across multiple alternative probability distributions. The New Jersey report 283 
included in the p-boxes they generated both projections relatively consistent with AR5 39,46 and 284 
projections based on structured expert judgment (SEJ) that incorporate a broader set of processes into the 285 
PDF 47. The central table conveys the idea of a p-box by quoting imprecise probabilities; the likely range, 286 
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for example, is bounded at the low end by numbers that have “>83% chance” of exceedance and at the 287 
high end by numbers that have “<17% chance” of exceedance.  In practice, this means that the lower end 288 
of the reported values are defined by the more conservative, AR5-aligned projections, and the higher end 289 
is defined by the SEJ. 290 
 291 
The preceding examples focus on subnational assessment reports in the United States because they 292 
demonstrate a variety of alternative forms of uncertainty and ambiguity communication in boundary 293 
objects. It is important to bear in mind that many countries lack the capacity or resources to develop 294 
tailored sea level assessments.  In these cases, the boundary objects within the IPCC reports may serve as 295 
a primary resource for decision makers. 296 
 297 

4. Reduction of scientific assessments of sea level to scenarios for use 298 
 299 
While the examples above are focused on conveyed distributions of future sea-level rise under different 300 
emissions scenarios at different points in time, for many end-users this information is too rich. Prior to the 301 
SROCC, IPCC provided no guidance on what features of projection uncertainty are important for end 302 
users to consider. In practice, such projections are often reduced to a small number of scenarios, either 303 
explicitly (as in the case of the US government’s sea level scenarios; ref. 43,48) or implicitly, by focusing 304 
on a small number of quantiles, years, and emissions scenarios.  305 
 306 
The explicit approach adopted by Sweet et al. 43,48 uses a variety of lines of evidence to demarcate a range 307 
of potential levels of 21st century GMSL rise, spanning from a linear continuation of the late 20th century 308 
trend at the low end to a high-end scenario requiring strong warming and rapid ice-sheet loss (Figure S9). 309 
In ref. 43, the range of scenarios spanned from 0.3 to 2.5 m of GMSL rise over the 21st century, which, 310 
based upon the AR6 assessment, was reduced to 0.3 to 2.0 m in ref. 48. These end-of-century GMSL 311 
targets were turned into time-varying scenarios of GMSL and local relative sea level (RSL) change by 312 
filtering suites of probabilistic projections for samples consistent with the targets. Probabilities are 313 
associated with the different sea-level scenarios only contextually. The broad range of the sea-level 314 
scenarios is intended to support their use in adaptive decision making. 315 
 316 
The implicit reduction approach is exhibited most clearly by the State of California’s Sea Level Guidance 317 
49, which took the projections of the 2017 California sea level assessment and simply drew boxes around 318 
particular columns (Figure S5). For decision problems with low risk aversion, for example, the guidance 319 
recommended using the 83rd percentile projections; for decision problems with extremely high risk 320 
aversion, it recommended using the H++ scenario. Comparison of the presentation of the projections in 321 
the California assessment (Figure S4) and guidance (Figure S5) highlights the role of key tables as 322 
boundary objects — in this case, at the boundary of the subnational assessment panel and the regulatory 323 
body.  324 
 325 

5. Communicating sea level uncertainty and ambiguity in the IPCC sixth assessment cycle 326 
 327 
The IPCC Special Report on Oceans and Cryosphere in a Changing Climate (SROCC) represented an 328 
intermediary step between the AR5 and AR6, and it also served to integrate across IPCC Working Groups 329 
1 (physical science) and 2 (impacts, adaptation, and vulnerability). As such, SROCC updated the AR5 330 
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projections to address some of the advances in the literature since AR5, without tackling the development 331 
of a completely new set of integrated sea-level projections, a task awaiting completion of the Coupled 332 
Model Intercomparison Project Phase 6 (CMIP6) global climate model simulations 50. In particular, 333 
SROCC updated the Antarctic contribution to projected sea-level change while leaving other terms 334 
unchanged 51. Importantly, the report also made an adjustment to the use of likely which had previously 335 
caused confusion when applied to a range: SROCC used the terms ‘likely range’ or ‘very likely range’ to 336 
indicate that the assessed likelihood of an outcome lies specifically within the 17–83% or 5–95% 337 
probability range 52. 338 
 339 
The representation of projection data in boundary objects in SROCC was more limited than in AR5 or 340 
AR6. SROCC did not have a table capable of serving as a boundary object; the only table with sea-level 341 
rise projections focused on the details of removing and replacing the AR5 Antarctic projections in the 342 
AR5 GMSL projections (ref. 51, table 4.4). Key figures in SROCC did include elements that drew greater 343 
attention to ambiguity and multi-century change than the corresponding figures in AR5. In particular, the 344 
SPM figure illustrating GMSL time series (ref. 52, figure SPM.1) extended to 2300, using fainter shading 345 
to indicate lower confidence after 2100, and also included bars showing the year 2300 results of one SEJ 346 
study 47; while, like AR5, the figure showed only likely ranges, the long timescale emphasized the 347 
potential for substantially larger sea-level change past 2100 (Figure S10). The chapter figure with sea-348 
level projections (ref. 51, Fig 4.2) likewise extended to 2300 (Figure S11). It also incorporated bars 349 
indicating alternative probability distributions for 2100 and 2300, derived from an Antarctic ice sheet 350 
sensitivity study and from the SEJ study.  351 
 352 
Notably, leveraging SROCC’s status as a cross-working group product, SROCC for the first time 353 
provided advice on how to utilize the diversity of projections available 52: 354 
 355 

The sea level rise range that needs to be considered for planning and implementing coastal 356 
responses depends on the risk tolerance of stakeholders. Stakeholders with higher risk tolerance 357 
(e.g., those planning for investments that can be very easily adapted to unforeseen conditions) 358 
often prefer to use the likely range of projections, while stakeholders with a lower risk tolerance 359 
(e.g., those deciding on critical infrastructure) also consider global and local mean sea level above 360 
the upper end of the likely range (globally 1.1 m under RCP8.5 by 2100) and from methods 361 
characterized by lower confidence such as from expert elicitation. 362 

 363 
AR6 1 developed a fully new set of integrated sea-level projections and built upon AR5’s and SROCC’s 364 
approaches in several ways. Rather than producing a single set of probability distributions, it produced 365 
multiple distributions of GMSL, using different ways of modeling Antarctic and Greenland ice sheet 366 
behavior (Figure 1a-d). It then combined these distributions in p-boxes to produce the reported 367 
projections (Figure 1e-f). Its likely range projections included emulated results from the Ice Sheet Model 368 
Intercomparison Project for CMIP6 (ISMIP6) 53–55 and the Linear Antarctic Response Model 369 
Intercomparison Project (LARMIP) 56; because both of these projects integrated results from suites of ice 370 
sheet models, their results were judged to have a medium level of agreement and thus medium confidence.  371 
 372 
The sea level chapter was cautious in its presentation of these medium confidence results, noting that they 373 
“[consider] only processes for which projections can be made with at least medium confidence” 1. The 374 
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likely range projections, for example, do not include more ambiguous processes unrepresented in ISMIP6-375 
class ice sheet models. (See also ref. 57, which highlights a low bias in ISMIP6 projections of historical 376 
Greenland ice sheet changes and the lack of model consensus regarding the sign of historical Antarctic 377 
changes.) To address this limitation, AR6 also generated probability distributions that incorporated a 378 
broader set of processes. One of these distributions utilized a single Antarctic ice-sheet model that 379 
represents Marine Ice Cliff Instability 58; another relied upon a SEJ study of both Antarctic and Greenland 380 
contributions 47. Because the authors assessed that there was limited evidence regarding and low 381 
agreement on Marine Ice Cliff Instability (MICI), as well as potentially on other processes considered by 382 
the experts participating in the SEJ studies, the broader p-boxes including these studies were judged to 383 
have low confidence. Due to limitations in the underlying literature, low confidence projections were 384 
produced only for the low emissions SSP1-2.6 and very high emissions SSP5-8.5 scenarios. 385 
 386 
Beyond 2150, AR6 considered all ice sheet projections to be low confidence and so did not present time 387 
series from 2150 to 2300; instead, it reports indicative projections for two emissions scenarios (SSP1-2.6 388 
and SSP5-8.5) at the single time point of 2300. These projections were based on a combination of 389 
projections that included (1) no-acceleration extrapolation of ice sheet changes after 2100, (2) literature-390 
based assessment of ice-sheet changes in 2300, (3) SEJ projections, and (4) the single Antarctic model 391 
that represents MICI. For SSP5-8.5, the MICI-permitting projections yield ranges that do not overlap with 392 
the other methods (9.5-16.2 m vs. 1.7-6.3 m), and so are reported separately.  393 
 394 
On still longer timescales, these projections were complemented by assessments, based on model and 395 
paleo data, of committed sea-level rise associated with different levels of peak global warming over 396 
timescales of 2,000 and 10,000 years. While AR5 32 had also discussed millennial-scale sea level change, 397 
AR6 drew a more direct connection between century- and millennial-scale changes 1. The AR5 SPM 398 
presents paleo sea level, century-scale sea level change, and millennial-scale ice sheet contributions to sea 399 
level in separate sections 35; by contrast, the AR6 SPM, discusses paleo and millennial-scale change as a 400 
function of peak global warming in a paragraph that follows immediately after the paragraph presenting 401 
century-scale changes 59. A Technical Summary figure synthesizes sea level change on different 402 
timescales as a function of peak global warming level (ref. 60, Box TS.4, Figure 1) (Figure 2b). This 403 
figure combines medium and low confidence model-based century-scale projections and low confidence 404 
millennial scale model-based projections with medium confidence paleo sea level and temperature 405 
assessments. It is the first such figure in an IPCC report sufficiently streamlined so as to provide a 406 
possible boundary object to facilitate discussions of these relationships.  407 
 408 
The AR6 Working Group 1 report reiterated SROCC’s guidance about the utility of high end projections, 409 
while pointing to the limitations of likelihood assessments given projection ambiguity 1:   410 
  411 

As noted by SROCC, stakeholders with a low risk tolerance (e.g., those planning for coastal 412 
safety in cities and long-term investment in critical infrastructure) may wish to consider global-413 
mean sea level rise above the assessed likely range by the year 2100, because ‘likely’ implies an 414 
assessed likelihood of up to 16% that sea level rise by 2100 will be higher (see also Siegert et al., 415 
2020). Because of our limited understanding of the rate at which some of the governing processes 416 
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contribute to long-term sea level rise, we cannot currently robustly quantify the likelihood with 417 
which they can cause higher sea level rise before 2100. 418 

To help ensure that these low confidence – but potentially decision-relevant projections – were not lost to 419 
practitioners as the AR5 caveat seemingly often was, the low confidence projections for a very high-420 
emissions scenario (SSP5-8.5) were presented in core figures and tables alongside the medium confidence 421 
projections for the suite of SSP scenarios (Figure 2; Figure S12). The AR6 approach represents 422 
convergent evolution with the recommendations of ref. 16 that sea-level projections be communicated at 423 
different levels of confidence. It also draws inspiration from the California (2017)/New York City (2018) 424 
approach of presenting a high-end (low confidence) scenario alongside probabilistic projections, and the 425 
New Jersey (2019) approach of summarizing multiple probabilistic projections with p-boxes. 426 
 427 
The AR6 SPM illustrates the 21st century low confidence projections with a curve representing a “low 428 
likelihood, high-impact storyline including ice-sheet instability processes” (Figure 2d). The curve is taken 429 
from the upper 83rd percentile of the low confidence p-box for SSP5-8.5 and is dashed to indicate the 430 
lower degree of confidence. The description draws upon two new frames introduced in AR6. “Low-431 
likelihood, high-impact (LLHI) outcomes” are defined as outcomes “whose probability of occurrence is 432 
low or not well known (as in the context of deep uncertainty) but whose potential impacts on society and 433 
ecosystems could be high” 14. In the context of an ambiguous projection, as here, the “not well known” 434 
probability part of the definition is key – perhaps a bit confusingly, since it is not represented in the name 435 
of the concept. Physical climate storylines 61 are, essentially, scenarios of physical changes that provide 436 
narrative detail used to contextualize projections and allow quantitative uncertainties to be assessed, 437 
conditional upon assumptions regarding more ambiguous narrative elements. Consistent with AR6 438 
practice, Stammer et al. 62 recommend accompanying probabilistic projections with high-end storylines 439 
tied to specific physical processes. For the low confidence sea-level projections, AR6 presents a storyline 440 
in Box 9.4, which highlights elements including strong warming, “faster-than-projected disintegration of 441 
marine ice shelves and the abrupt, widespread onset of marine ice cliff instability (MICI) and marine ice 442 
sheet instability (MISI) in Antarctica (Section 9.4.2.4), and faster-than-projected changes in both the 443 
surface mass balance and dynamical ice loss in Greenland” (Fox-Kemper et al., 2021). Though these 444 
details are not presented in any boundary object, the use of the storyline label serves as a pointer to this 445 
description. 446 
 447 
AR6 also introduced an alternative projection framing, based on evidence that for some end-users, 448 
uncertainty in timing of reaching different sea-level rise “milestones” (e.g., ‘when’ a particular elevation 449 
associated with an ‘adaptation tipping point’ is reached rather than ‘if’ it will be reached; see also ref. 63) 450 
is as useful as uncertainty in level at particular points in time (Figure 2c). Thus AR6 introduced figures 451 
showing when, under different emissions scenarios, milestones ranging from 0.5 m to 2.0 m GMSL rise 452 
would be exceeded. This visualization also incorporated both the medium confidence projections for all 453 
SSPs and the low confidence projections for SSP1-2.6 and SSP5-8.5. 454 
 455 
Recognizing that most end-user decisions are sensitive to local, relative sea-level change rather than 456 
GMSL change, the AR6 authors also invested in efforts to make relative sea-level projections more 457 
readily available. The AR5 RSL projections were produced and archived by the Integrated Climate Data 458 
Center (https://www.cen.uni-hamburg.de/en/icdc/data/ocean/ar5-slr.html) but not communicated more 459 
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actively. AR6 projections, by contrast, are communicated both through the IPCC Interactive Atlas 460 
(https://interactive-atlas.ipcc.ch) and the more targeted NASA/IPCC Sea Level Projection Tool 461 
(https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection-tool). The NASA/IPCC Sea Level Projection Tool 462 
focuses on preserving key design elements of the AR6 boundary objects when presenting regional sea 463 
level projections. It allows versions of the core figures and tables presented in the report for GMSL to be 464 
produced for RSL projections both at tide gauges and on a global grid. Like the boundary objects in the 465 
report, it strives to convey both uncertainty and ambiguity by including low confidence projections 466 
alongside the medium confidence, likely ranges. In addition to these tools, the comprehensive global and 467 
regional projections, along with the open-source system used to generate them, were archived following 468 
open science principles 64. 469 
 470 

6. Conclusions 471 
 472 
The presence and magnitude of ambiguity in sea-level projections affects the appropriate use of decision 473 
frameworks, and thus is important to communicate this clearly and efficiently. Overall, the AR6 approach 474 
attempts to communicate the ambiguity of sea-level projections (and emphasize the non-comprehensive 475 
nature of the likely range) without overwhelming the projections of those processes on which there is a 476 
reasonable degree of agreement. Both SROCC and AR6 also include some guidance related to how users 477 
with different risk tolerances might wish to use the projections. The intent of this approach is to inform a 478 
wide variety of decision-making paradigms, including both risk-neutral approaches that focus on likely 479 
outcomes and more risk-averse approaches that rely upon characterization of high-end outcomes.  480 
 481 
The efficacy of the AR6 approach, and of the alternative approaches discussed above, as a tool for 482 
communicating to practitioners is an important empirical subject of study. Key questions include: how are 483 
IPCC projections, perhaps mediated by national/subnational assessments, simplified for or translated into 484 
policy guidance? Does how projections are communicated bear any relationship with acceptance, 485 
implementation, and efficacy of adaptation measures? The growing focus of climate and sea level science 486 
on usability calls for a deliberate focus on such questions, which require close collaborations between 487 
research climate scientists and the social scientists who study them. 488 
 489 
  490 
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 491 
Figure 1. Generation of global mean sea level (GMSL) projection p-boxes in AR6 for SSP1-2.6 (a, c, e) 492 
and SSP5-8.5 (b, d, f) in 2100. (a-b) Four alternative probability distributions, incorporating Ice Sheet 493 
Model Intercomparison Project for CMIP6 (ISMIP6, light blue), Linear Antarctic Response Model 494 
Intercomparison Project (LARMIP, dark blue), Antarctic Marine Ice Cliff Instability-permitting (MICI, 495 
orange), and ice-sheet structured expert judgment-based (SEJ, red) projections. (c-d) Cumulative 496 
distribution functions corresponding to the probability distributions in a-b. (e-f) Medium confidence (dark 497 
blue) and low confidence (light blue) p-boxes. The width of the p-box provides a metric of ambiguity. Bars 498 
at bottom of panels c-f show the lower 17th-upper 83rd percentile range for each distribution/p-box. AR6 499 
interpreted the lower 17th-upper 83rd percentile range of the medium confidence p-box as representing 500 
the likely contribution of included processes to GMSL rise. Likelihood labels were not ascribed to other 501 
ranges.  502 
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 503 
 504 

 505 
 506 
Figure 2. Different visualizations of global mean sea level (GMSL) projection uncertainty and ambiguity in 507 
the IPCC AR6 Working Group 1 report. (a) Tabular presentation of medium confidence projections for five 508 
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SSP scenarios and low confidence projections for SSP5-8.5, presented as Table 9.9 1. Projections for 509 
individual components (first five rows) are for 2100. Values shown are median and likely ranges, except 510 
for the low confidence projections, where presented ranges are 17th-83rd percentile with no formal 511 
likelihood assessed.  (b) Projected GMSL change on 100- (blue), 2,000- (green), and 10,000 (magneta) 512 
time scales as a function of global surface temperature, relative to 1850-1900, extracted from Box TS.4, 513 
Figure 1b 60. Dark blue projections are medium confidence; others are low confidence. Shaded regions 514 
show the medium confidence assessments of temperature and sea level during the Last Interglacial and 515 
Mid-Pliocene Warm Period. (c) Uncertainty in the timing of different GMSL milestones, extracted from Box 516 
TS.4, Figure 1c 60.  Low confidence projections are indicated by light shading on the SSP1-2.6 and SSP5-517 
8.5 bars, showing both 17-83rd percentile (thicker line) and 5th-95th percentile (thin line) projections. (d) 518 
GMSL as a function of time, extracted from Figure SPM.8d/e 59. Ambiguity is represented through the 519 
inclusion of a curve representing a “low-likelihood, high-impact” storyline. Other projections through 2100 520 
are medium confidence, likely ranges. Projections for 2300 are low confidence 17th-83rd percentile 521 
ranges. 522 
 523 
Acknowledgements 524 
 525 
REK and MO were supported by U.S. National Science Foundation award ICER-2103754 as part of the 526 
Megalopolitan Coastal Transformation Hub (MACH). REK and GGG were also supported by the U.S. National 527 
Aeronautics and Space Administration (award 80NSSC20K1724 and JPL task 105393.509496.02.08.13.31). JLO 528 
was supported by U.S. National Science Foundation award 1643524. HTH and MDP were supported by the Met 529 
Office Hadley Centre Climate Programme funded by BEIS.  SN was supported by the U.S. National Aeronautics 530 
and Space Administration awards 80NSSC21K0915 and 80NSSC21K0322. Although the authors have all 531 
participated in the IPCC in a variety of capacities, the opinions and conclusions expressed herein are those of the 532 
authors, not necessarily those of their funding agencies, their institutions, or the IPCC. We thank other members of 533 
the SROCC chapter 4 and AR6 chapter 9 teams, as well as John Fyfe, for conversations over the chapter and SPM 534 
drafting processes. 535 
 536 
References 537 
 538 
 539 
1. Fox-Kemper, B. et al. Ocean, cryosphere, and sea level change. in Climate change 2021: The physical science 540 

basis. Contribution of working group I to the sixth assessment report of the intergovernmental panel on climate 541 
change (eds. Masson-Delmotte, V. et al.) 1211–1362 (Cambridge University Press, 2021). 542 
doi:10.1017/9781009157896.011. 543 

2. Kopp, R. E. et al. Usable Science for Managing the Risks of Sea-Level Rise. Earth’s Future 7, 1235–1269 544 
(2019). 545 

3. Heal, G. & Millner, A. Reflections: Uncertainty and Decision Making in Climate Change Economics. Review of 546 
Environmental Economics and Policy 8, 120–137 (2014). 547 

4. Keller, K., Helgeson, C. & Srikrishnan, V. Climate Risk Management. Annu. Rev. Earth Planet. Sci. 49:95-116, 548 
(2021). 549 

5. New, M. et al. Decision making options for managing risk. in Climate change 2022: Impacts, adaptation, and 550 
vulnerability. Contribution of working group II to the sixth assessment report of the intergovernmental panel on 551 
climate change (eds. Pörtner, H.-O. et al.) vol. in press (Cambridge University Press, 2022). 552 

6. Oppenheimer, M. et al. Discerning Experts: The Practices of Scientific Assessment for Environmental Policy. 553 
(University of Chicago Press, 2019). 554 

7. O’Reilly, J., Oreskes, N. & Oppenheimer, M. The rapid disintegration of projections: The West Antarctic Ice 555 
Sheet and the Intergovernmental Panel on Climate Change. Soc Stud Sci 42, 709–731 (2012). 556 

8. van der Sluijs, J., van Eijndhoven, J., Shackley, S. & Wynne, B. Anchoring Devices in Science for Policy: The 557 
Case of Consensus around Climate Sensitivity. Soc Stud Sci 28, 291–323 (1998). 558 

9. Gieryn, T. F. Boundary-Work and the Demarcation of Science from Non-Science: Strains and Interests in 559 
Professional Ideologies of Scientists. American Sociological Review 48, 781–795 (1983). 560 



16 

10. Star, S. L. & Griesemer, J. R. Institutional Ecology, `Translations’ and Boundary Objects: Amateurs and 561 
Professionals in Berkeley’s Museum of Vertebrate Zoology, 1907-39. Social Studies of Science 19, 387–420 562 
(1989). 563 

11. Knight, F. H. Risk, Uncertainty and Profit. (Houghton Mifflin, 1921). 564 
12. Ellsberg, D. Risk, Ambiguity, and the Savage Axioms. The Quarterly Journal of Economics 75, 643–669 565 

(1961). 566 
13. Lempert, R. J., Popper, S. W. & Bankes, S. C. Shaping the Next One Hundred Years: New Methods for 567 

Quantitative, Long-Term Policy Analysis. (Rand Corporation, 2003). 568 
14. Chen, D. et al. Framing, context, and methods. in Climate change 2021: The physical science basis. 569 

Contribution of working group I to the sixth assessment report of the intergovernmental panel on climate 570 
change (eds. Masson-Delmotte, V. et al.) 147–286 (Cambridge University Press, 2021). 571 
doi:10.1017/9781009157896.011. 572 

15. Mastrandrea, M. D. et al. Guidance note for lead authors of the IPCC fifth assessment report on consistent 573 
treatment of uncertainties. Intergovernmental Panel on Climate Change (IPCC) (2010). 574 

16. Hinkel, J. et al. Meeting user needs for sea-level rise information: a decision analysis perspective. Earth’s 575 
Future 7, 320–337 (2019). 576 

17. Le Cozannet, G., Manceau, J.-C. & Rohmer, J. Bounding probabilistic sea-level projections within the 577 
framework of the possibility theory. Environ. Res. Lett. 12, 014012 (2017). 578 

18. Tucker, W. T. & Ferson, S. Probability bounds analysis in environmental risk assessment. (2003). 579 
19. Mercer, J. H. West Antarctic ice sheet and CO2 greenhouse effect: a threat of disaster. Nature 271, 321 (1978). 580 
20. Gornitz, V., Lebedeff, S. & HANSEN, J. Global sea level trend in the past century. Science 215, 1611–1614 581 

(1982). 582 
21. Warrick, R. A. & Oerlemans, J. Sea Level Rise. in Climate Change: The IPCC Scientific Assessment (eds. 583 

Houghton, J. T., Jenkins, G. J. & Ephramus, J. J.) 261–281 (Cambridge University Press, 1990). 584 
22. Warrick, R. A., Le Provost, C., Meier, M. F., Oerlemans, J. & Woodworth, P. L. Changes in Sea Level. in 585 

Climate Change 1995: The Science of Climate Change (eds. Houghton, J. T. et al.) 359–406 (Cambridge 586 
University Press, 1996). 587 

23. Church, J. A. et al. Changes in Sea Level. in Climate Change 2001: The Scientific Basis (eds. Houghton, J. T. 588 
et al.) 641–693 (Cambridge University Press, 2001). 589 

24. Lemke, P. et al. Observations: Changes in snow, ice and frozen ground. Titel: Climate change 2007: the 590 
physical science basis; summary for policymakers, technical summary and frequently asked questions. Part of 591 
the Working Group I contribution to the Fourth Assessment Report of the Intergovernmental Panel on Climate 592 
Change 337–383 (2007). 593 

25. Vaughan, D. G. & Arthern, R. Why Is It Hard to Predict the Future of Ice Sheets? Science 315, 1503–1504 594 
(2007). 595 

26. Rahmstorf, S. A semi-empirical approach to projecting future sea-level rise. Science 315, 368–370 (2007). 596 
27. Dean, C. Even Before Its Release, World Climate Report Is Criticized as Too Optimistic. The New York Times 597 

(2007). 598 
28. Meehl, G. A. et al. Global Climate Projections. in Climate Change 2007: The Physical Science Basis (eds. 599 

Solomon, S. et al.) 747–845 (Cambridge University Press, 2007). 600 
29. IPCC. Summary for Policymakers. in Climate Change 2007: The Physical Science Basis (eds. Solomon, S. et 601 

al.) 2–18 (Cambridge University Press, 2007). 602 
30. Katsman, C. et al. Exploring high-end scenarios for local sea level rise to develop flood protection strategies for 603 

a low-lying delta—the Netherlands as an example. Climatic Change 109, 617–645 (2011). 604 
31. Lowe, J. A. et al. UK Climate Projections science report: Marine and coastal projections. (2009). 605 
32. Church, J. A., Clark, P. U. & et al. Chapter 13: Sea Level Change. in Climate Change 2013: the Physical 606 

Science Basis (eds. Stocker, T. F., Qin, D. & et al.) (Cambridge University Press, 2013). 607 
33. Church, J. A. et al. Sea-level rise by 2100. Science 342, 1445–1445 (2013). 608 
34. Collins, M., Knutti, R. & others. Chapter 12: Long-term Climate Change: Projections, Commitments and 609 

Irreversibility. in Climate Change 2013: the Physical Science Basis (eds. Stocker, T. F., Qin, D. & others) 610 
(Cambridge University Press, 2013). 611 

35. IPCC. Summary for Policymakers. in Climate Change 2013: the Physical Science Basis (eds. Stocker, T. F. et 612 
al.) 3–29 (Cambridge University Press, 2013). 613 

36. Bakker, A. M. R., Louchard, D. & Keller, K. Sources and implications of deep uncertainties surrounding sea-614 
level projections. Climatic Change 140, 339–347 (2017). 615 



17 

37. Lee, J. Y. et al. Future Global Climate: Scenario-Based Projections and Near-Term Information. in Climate 616 
change 2021: The physical science basis. Contribution of working group I to the sixth assessment report of the 617 
intergovernmental panel on climate change (eds. Masson-Delmotte, V. et al.) (Cambridge University Press, 618 
2021). doi:10.1017/9781009157896.011. 619 

38. Hall, J. A. et al. Rising Sea Levels: Helping Decision-Makers Confront the Inevitable. Coastal Management 47, 620 
127–150 (2019). 621 

39. Kopp, R. E. et al. Probabilistic 21st and 22nd century sea-level projections at a global network of tide gauge 622 
sites. Earth’s Future 2, 383–406 (2014). 623 

40. Kopp, R. E. et al. Evolving understanding of Antarctic ice-sheet physics and ambiguity in probabilistic sea-624 
level projections. Earth’s Future 5, 1217–1233 (2017). 625 

41. Griggs, G. et al. Rising seas in California: An update on sea-level rise science. (California Ocean Science 626 
Trust, 2017). 627 

42. Gornitz, V. et al. New York City Panel on Climate Change 2019 Report Chapter 3: Sea Level Rise. Annals of 628 
the New York Academy of Sciences 1439, 71–94 (2019). 629 

43. Sweet, W. V. et al. Global and Regional Sea Level Rise Scenarios for the United States. https://goo.gl/YUehx6 630 
(2017). 631 

44. Boesch, D. F. et al. Updating Maryland’s sea-level rise projections. Special report of the scientific and 632 
technical working group to the maryland climate change commission. 32 pp. (University of Maryland Center 633 
for Environmental Science, 2018). 634 

45. Kopp, R. E. et al. New Jersey’s rising seas and changing coastal storms: Report of the 2019 Science and 635 
Technical Advisory Panel. https://doi.org/10.7282/t3-eeqr-mq48 (2019) doi:10.7282/t3-eeqr-mq48. 636 

46. Rasmussen, D. J. et al. Extreme sea level implications of 1.5 °C, 2.0 °C, and 2.5 °C temperature stabilization 637 
targets in the 21st and 22nd centuries. Environ. Res. Lett. 13, 034040 (2018). 638 

47. Bamber, J. L., Oppenheimer, M., Kopp, R. E., Aspinall, W. P. & Cooke, R. M. Ice sheet contributions to future 639 
sea-level rise from structured expert judgment. PNAS 116, 11195–11200 (2019). 640 

48. Sweet, W. V. et al. Global and regional sea level rise scenarios for the united states: Updated mean 641 
projections and extreme water level probabilities along U.S. coastlines. 111 pp. 642 
https://oceanservice.noaa.gov/hazards/sealevelrise/noaa-nos-techrpt01-global-regional-SLR-scenarios-US.pdf 643 
(2022). 644 

49. California Ocean Protection Council & California Natural Resources Agency. State of California Sea-Level 645 
Rise Guidance: 2018 Update. http://www.opc.ca.gov/climate-change/updating-californias-sea-level-rise-646 
guidance/ (2018). 647 

50. Eyring, V. et al. Overview of the Coupled Model Intercomparison Project Phase 6 (CMIP6) experimental 648 
design and organisation. Geoscientific Model Development 9, (2016). 649 

51. Oppenheimer, M. et al. Chapter 4: Sea level rise and implications for low lying islands, coasts and 650 
communities. in IPCC Special Report on the Ocean and Cryosphere in a Changing Climate (eds. Pörtner, H.-651 
O. et al.) (2019). 652 

52. IPCC. Summary for Policymakers. in IPCC Special Report on the Ocean and Cryosphere in a Changing 653 
Climate (eds. Pörtner, H.-O. et al.) (Cambridge University Press, 2019). 654 

53. Edwards, T. L. et al. Projected land ice contributions to twenty-first-century sea level rise. Nature 593, 74–82 655 
(2021). 656 

54. Nowicki, S. et al. Experimental protocol for sea level projections from ISMIP6 stand-alone ice sheet models. 657 
The Cryosphere 14, 2331–2368 (2020). 658 

55. Nowicki, S. M. J. et al. Ice Sheet Model Intercomparison Project (ISMIP6) contribution to CMIP6. Geosci. 659 
Model Dev. 9, 4521–4545 (2016). 660 

56. Levermann, A. et al. Projecting Antarctica’s contribution to future sea level rise from basal ice shelf melt using 661 
linear response functions of 16 ice sheet models (LARMIP-2). Earth System Dynamics 11, 35–76 (2020). 662 

57. Aschwanden, A., Bartholomaus, T. C., Brinkerhoff, D. J. & Truffer, M. Brief communication: A roadmap 663 
towards credible projections of ice sheet contribution to sea level. The Cryosphere 15, 5705–5715 (2021). 664 

58. DeConto, R. M. et al. The Paris Climate Agreement and future sea-level rise from Antarctica. Nature 593, 83–665 
88 (2021). 666 

59. IPCC. Summary for Policymakers. in Climate change 2021: The physical science basis. Contribution of 667 
working group I to the sixth assessment report of the intergovernmental panel on climate change (eds. Masson-668 
Delmotte, V. et al.) 3–32 (Cambridge University Press, 2021). 669 



18 

60. Arias, P. A. et al. Technical summary. in Climate change 2021: The physical science basis. Contribution of 670 
working group I to the sixth assessment report of the intergovernmental panel on climate change (eds. Masson-671 
Delmotte, V. et al.) 33–144 (Cambridge University Press, 2021). doi:10.1017/9781009157896.002. 672 

61. Shepherd, T. G. et al. Storylines: an alternative approach to representing uncertainty in physical aspects of 673 
climate change. Climatic Change 151, 555–571 (2018). 674 

62. Stammer, D. et al. Framework for High-End Estimates of Sea Level Rise for Stakeholder Applications. Earth’s 675 
Future 7, 923–938 (2019). 676 

63. Slangen, A. B. A., Haasnoot, M. & Winter, G. Rethinking Sea-Level Projections Using Families and Timing 677 
Differences. Earth’s Future 10, e2021EF002576 (2022). 678 

64. Garner, G. G. et al. IPCC AR6 sea level projections, Version 20210809. (2021) doi:10.5281/zenodo.5914709. 679 
65. IPCC. Policymakers Summary. in Climate Change: The IPCC Scientific Assessment (eds. Houghton, J. T., 680 

Jenkins, G. J. & Ephramus, J. J.) (Cambridge University Press, 1990). 681 
66. IPCC. Summary for Policymakers. in Climate Change 1995: The Science of Climate Change (eds. Houghton, J. 682 

T. et al.) 1–8 (Cambridge University Press, 1996). 683 
67. IPCC. Summary for Policymakers. in Climate Change 2001: The Scientific Basis (eds. Houghton, J. T. et al.) 684 

1–20 (Cambridge University Press, 2001). 685 
68. James, T. S. et al. Relative Sea-level Projections in Canada and the Adjacent Mainland United States. (2014). 686 
69. O’Donnell, J. Sea Level Rise in Connecticut. https://circa.uconn.edu/wp-687 

content/uploads/sites/1618/2019/10/Sea-Level-Rise-Connecticut-Final-Report-Feb-2019.pdf (2019). 688 
70. Parris, A. et al. Global sea level rise scenarios for the US National Climate Assessment. (US Department of 689 

Commerce, National Oceanic and Atmospheric Administration, Oceanic and Atmospheric Research, Climate 690 
Program Office, 2012). 691 

71. Pfeffer, W. T., Harper, J. T. & O’Neel, S. Kinematic constraints on glacier contributions to 21st-century sea-692 
level rise. Science 321, 1340–1343 (2008). 693 

72. Pahl, J. 2017 Coastal Master Plan: Attachment C-2: Eustatic Sea Level Rise. 23 pp http://coastal.la.gov/wp-694 
content/uploads/2017/04/Attachment-C2-1_FINAL_3.16.2017.pdf (2017). 695 

73. National Research Council. Sea-Level Rise for the Coasts of California, Oregon, and Washington: Past, 696 
Present, and Future. (The National Academies Press, 2012). 697 

74. Jevrejeva, S., Moore, J. C. & Grinsted, A. Sea level projections to AD2500 with a new generation of climate 698 
change scenarios. Global and Planetary Change 80–81, 14–20 (2012). 699 

75. van den Hurk, B. et al. KNMI’14: Climate Change scenarios for the 21st Century–A Netherlands perspective. 700 
(2014). 701 

76. North Carolina Coastal Resources Commission Science Panel. North Carolina Sea Level Rise Assessment 702 
Report: 2015 Update to the 2010 Report and 2012 Addendum. 703 
https://files.nc.gov/ncdeq/Coastal%20Management/documents/PDF/Science%20Panel/2015%20NC%20SLR%704 
20Assessment-FINAL%20REPORT%20Jan%2028%202016.pdf (2015). 705 

77. Simpson, M. et al. Sea Level Change for Norway: Past and Present Observations and Projections to 2100. 706 
(2015). doi:10.13140/RG.2.1.2224.9440. 707 

78. Cannaby, H. et al. Projected sea level rise and changes in extreme storm surge and wave events during the 21st 708 
century in the region of Singapore. Ocean Science 12, 613–632 (2016). 709 

79. Palmer, M. et al. Long Term Projections of Sea Level, Temperature and Rainfall Change. in Singapore 2nd 710 
National Climate Change Study – Phase 1 (eds. Marzin, C., Hines, A., Murphy, J., Gordon, C. & Jones, R.) 711 
(Meteorlogical Service Singapore, 2015). 712 

80. Palmer, M. et al. UKCP18 Marine report. (Met Office, 2018). 713 
81. DeConto, R. M. & Pollard, D. Contribution of Antarctica to past and future sea-level rise. Nature 531, 591–597 714 

(2016). 715 
82. Golledge, N. R. et al. The multi-millennial Antarctic commitment to future sea-level rise. Nature 526, 421–425 716 

(2015). 717 
 718 

  719 



19 

Table ED1. Text describing ambiguity of ice sheet contributions to sea level in the IPCC report chapters and 720 
Summaries for Policy Makers (SPMs). 721 
 722 

First 
Assessment 
Report (1990) 

Chapter 21 “A rapid disintegration of the West Antarctic Ice Sheet due to global warming is 
unlikely within the next century.” 

SPM 65 “Within the next century it is not likely that there will be a major outflow of ice 
from West Antarctica due directly to global warming.” 

Second 
Assessment 
Report (1996) 

Chapter 22 “Concern has been expressed that the West Antarctic Ice Sheet might "surge", 
causing a rapid rise in sea level. The current lack of knowledge regarding the 
specific circumstances under which this might occur, either in total or in part, 
limits the ability to quantify the risk. Nonetheless, the likelihood of a major sea 
level rise by the year 2100 due to the collapse of the West Antarctic Ice Sheet is 
considered low.”  

SPM 66 “In these projections, the combined contributions of the Greenland and Antarctic 
ice sheets are projected to be relatively minor over the next century. However, 
the possibility of large changes in the volumes of these ice sheets (and, 
consequently, in sea level) cannot be ruled out, although the likelihood is 
considered to be low.” 

Third 
Assessment 
Report (2001) 

Chapter 23 “The range of projections given above makes no allowance for ice-dynamic 
instability of the WAIS. It is now widely agreed that major loss of grounded ice 
and accelerated sea level rise are very unlikely during the 21st century.” 

SPM 67 “Concerns have been expressed about the stability of the West Antarctic ice 
sheet because it is grounded below sea level. However, loss of grounded ice 
leading to substantial sea level rise from this source is now widely agreed to be 
very unlikely during the 21st century, although its dynamics are still inadequately 
understood, especially for projections on longer time-scales.” 

Fourth 
Assessment 
Report (2007) 

Chapter 28 “It must be emphasized that we cannot assess the likelihood of any of these 
three alternatives [(steady, reduced, or scale up ice discharge)], which are 
presented as illustrative. The state of understanding prevents a best estimate 
from being made.” 

SPM 29 “For example, if [the ice flow] contribution were to grow linearly with global 
average temperature change, the upper ranges of sea level rise for SRES 
scenarios shown in Table SPM.3 would increase by 0.1 to 0.2 m. Larger values 
cannot be excluded, but understanding of these effects is too limited to assess 
their likelihood or provide a best estimate or an upper bound for sea level rise.” 

Fifth 
Assessment 
Report (2013) 

Chapter 32 “Based on current understanding, only the collapse of marine-based sectors of 
the Antarctic ice sheet, if initiated, could cause global mean sea level to rise 
substantially above the likely range during the 21st century. This potential 
additional contribution cannot be precisely quantified but there is medium 
confidence that it would not exceed several tenths of a meter of sea level rise 
during the 21st century.” 

SPM 35 “Based on current understanding, only the collapse of marine-based sectors of 
the Antarctic ice sheet, if initiated, could cause global mean sea level to rise 
substantially above the likely range during the 21st century. There is medium 
confidence that this additional contribution would not exceed several tenths of a 
meter of sea level rise during the 21st century.”  

Special Report 
on the Ocean 
and 

Chapter 51 “Estimates of sea level rise higher than the likely range are also provided here 
for decision makers with low risk tolerance…. Processes controlling the timing of 
future ice-shelf loss and the extent of ice sheet instabilities could increase 
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Cryosphere in 
a Changing 
Climate (2019) 

Antarctica’s contribution to sea level rise to values higher than the likely range on 
century and longer time-scales (low confidence). Evolution of the Antarctic Ice 
Sheet beyond the end of the 21st century is characterized by deep uncertainty, 
as ice sheet models lack realistic representations of some of the  underlying 
physical processes... There is low confidence in threshold temperatures for ice 
sheet instabilities and the rates of GMSL rise they can produce.”  

SPM 52 “Processes controlling the timing of future ice-shelf loss and the extent of ice 
sheet instabilities could increase Antarctica’s contribution to sea level rise to 
values substantially higher than the likely range on century and longer time-
scales (low confidence). Considering the consequences of sea level rise that a 
collapse of parts of the Antarctic Ice Sheet entails, this high impact risk merits 
attention.” 

Sixth 
Assessment 
Report (2021) 

Chapter 1 “Higher amounts of GMSL rise before 2100 could be caused by earlier-than-
projected disintegration of marine ice shelves, the abrupt, widespread onset of 
marine ice sheet instability and marine ice cliff instability around Antarctica, and 
faster-than-projected changes in the surface mass balance and discharge from 
Greenland. These processes are characterized by deep uncertainty arising from 
limited process understanding, limited availability of evaluation data, 
uncertainties in their external forcing and high sensitivity to uncertain boundary 
conditions and parameters. In a low-likelihood, high-impact storyline, under high 
emissions such processes could in combination contribute more than one 
additional metre of sea level rise by 2100.” 

SPM 59 “Global mean sea level rise above the likely range – approaching 2 m by 2100 
and 5 m by 2150 under a very high GHG emissions scenario (SSP5-8.5) (low 
confidence) – cannot be ruled out due to deep uncertainty in ice-sheet 
processes.”  

 723 
 724 
 725 
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Table ED2. National and subnational assessments building upon AR5 sea level projections. 727 
Assessment Includes an AR4 or 

AR5 author as co-
author  

Interpretation of AR5 likely 
range 

Consideration of marine-
based sector collapse? 

Canada 2014 
68 

No 90% Yes, acknowledges AR5 
caveat and includes high-
end scenario to represent 

Connecticut 2019 
69 

No 90% Yes, using sources other 
than AR5 70,71 

Louisiana 2017 
72 

No 66-100% Yes, using sources other 
than AR5 73,74 

Netherlands 2014 
75 

Yes (AR5 
Contributing Author) 

90% Yes, using sources other 
than AR5 30 

North Carolina 2015 
76 

No 90% No 

Norway 77 Yes (AR5 
Contributing Author) 

66-100% Yes, acknowledges AR5 
caveat and uses 
probabilistic approach to 
assess high-end 
outcomes 

Singapore 78,79 Yes (AR4 Lead 
Author) 

66-100% Yes, acknowledges AR5 
caveat and includes high-
end scenario 

United Kingdom 2018 80 Yes (AR4 Lead 
Author) 

<= 90% Yes, acknowledges AR5 
caveat and uses post-AR5 
literature  81,82  to illustrate 
in appendix 
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Supplementary Information  730 

731 

732 

 733 
Figure S1. Tables and figures summarizing GMSL projections from the IPCC Fourth Assessment Report 734 
28,29. 735 
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 736 
Figure S2. Chapter table summarizing GMSL projections from the IPCC Fifth Assessment Report 32 737 
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 738 
Figure S3. SPM table summarizing GMSL projections from the IPCC Fifth Assessment Report 35.  739 
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 740 

 741 
Figure S4. Table summarizing RSL projections for San Francisco, CA, from the 2017 California sea level 742 
assessment 41. 743 
 744 
 745 
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746 
Figure S5. Table summarizing RSL projections for San Francisco, CA, from the 2018 California sea level 747 
rise guidance, highlighting the selection of specific trajectories for different levels of risk aversion 49. 748 
 749 
 750 
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 751 
Figure S6. Table summarizing RSL projections for New York, NY, from the 2019 New York City Panel on 752 
Climate Change report 42. 753 
 754 

 755 
Figure S7. Table and text summarizing RSL projections for Baltimore, MD, from the 2018 Maryland sea 756 
level rise assessment 44. 757 
 758 
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 759 

 760 
Figure S8. Table summarizing RSL projections for New Jersey from the 2019 New Jersey Science and 761 
Technical Advisory Panel Report 45. 762 
  763 
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 764 

 765 

766 
Figure S9. Tables summarizing GMSL and contiguous US-average RSL scenarios from the 2022 US 767 
Interagency Sea Level Scenarios report (Table 2.3) and linking the 2022 US Interagency Sea Level 768 
Scenarios to the IPCC Sixth Assessment Report projections (Table 2.4) 48.  769 
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 771 
Figure S10. SPM figure from the IPCC SROCC, Figure SPM.1 52. 772 

 773 
Figure S11. Chapter figure from the IPCC SROCC 51.  774 
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 777 
Figure S12. Chapter tables from the IPCC AR6 1. 778 
 779 


