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Significance statement 23 

Sea level will continue to rise over the coming decades to centuries in response to climate change, and 24 

the uncertainty increases rapidly with time. The IPCC 5th assessment report concluded that the likely 25 

range of sea-level rise is between 0.52 and 0.98m by 2100 under RCP8.5. The wide range reflects 26 

various uncertainties, including a lack of evidence and consensus on the physical processes governing 27 

the contribution of ice sheet mass loss.  Despite being a powerful tool for uncertainty treatment, 28 

probability remains a poor descriptor of situations encompassing such lack of knowledge. Here, we 29 

demonstrate that extra-probabilistic theories of uncertainties provide a convenient framework to 30 

understand, quantify and communicate uncertainties in projected sea-level rise. 31 

Abstract  32 

Coastal impacts of climate change and the related mitigation and adaptation needs requires 33 

assessments of future sea-level changes. Following a common practice in coastal engineering, 34 

probabilistic sea-level projections have been proposed for at least 20 years. This requires a probability 35 

model to represent the uncertainties of future sea-level rise, which is not achievable because potential 36 

ice sheets mass losses remain poorly understood given the knowledge available today. Here, we apply 37 

the principles of extra-probabilistic theories of uncertainties to generate global and regional sea-level 38 

projections based on uncertain components. This approach assigns an imprecision to a probabilistic 39 

measure, in order to quantify lack of knowledge pertaining to probabilistic projections. This can serve 40 

to understand, analyze and communicate uncertainties due to the coexistence of different processes 41 

contributing to future sea-level rise, including ice-sheets. We show that the knowledge gained since 42 

the 5th Assessment report of the IPCC allows better quantification of how global and regional sea-level 43 

rise uncertainties can be reduced with lower greenhouse gas emissions. Furthermore, Europe and 44 

Northern America are among those profiting most from a policy limiting climate change to RCP 2.6 45 

versus RCP 4.5 in terms of reducing uncertainties of sea-level rise. 46 

Keywords: sea-level rise; projections; uncertainties; ambiguity; deep uncertainties; high-end 47 

scenarios; low-end scenarios. 48 



 

1. Introduction 49 

Sea level will continue to rise for years to centuries due to climate warming caused by anthropogenic 50 

greenhouse gas emissions (1-4). Global sea-level rise results from: (1) the thermal expansion of the 51 

oceans; (2) the increase of ocean mass due to the melting of mountain glaciers, and (3) mass loss from 52 

Antarctic and Greenland ice sheets, as well as (4) contributions from land or ground water (1,2,5-8). In 53 

addition, there are regional sea-level rise components due to the effects of ocean circulation and the 54 

redistribution of mass, heat and salt within the ocean, atmospheric pressure (hereafter termed ocean 55 

component), as well as solid earth deformation in response to past and present mass redistributions 56 

(e.g. deglaciations) (9).  57 

So far, sea-level projections have been used for a range of purposes from quantifying adaptation needs 58 

to understanding the benefits of mitigation of climate change (10-12). However, the sea-level 59 

projections available today are not well aligned with the needs of coastal adaptation practitioners (13-60 

14). In fact, coastal adaptation practitioners and the scientific community producing sea-level 61 

information have different objectives: science aims at gaining knowledge on the physical processes 62 

causing sea-level rise, while adaptation is concerned with the resilience of society to sea-level rise and 63 

related changes. This sometimes requires consideration of the full range of sea-level rise uncertainty, 64 

including the uncertainties arising from lack of knowledge and consensus amongst experts, and this 65 

results in a wide range of projections due to the different interpretations (15-20).  66 

Despite being a powerful tool for uncertainty treatment, probability remains a poor descriptor of 67 

situations characteristic by such lack of knowledge. As acknowledged by the sea-level science 68 

community itself, no single probability model can yet be recommended (7,21,22). Extra-probabilistic 69 

theories of uncertainty are well suited to quantify uncertainties in sea-level projections because they 70 

recognize that several probability functions are consistent with the knowledge available (23-26) (see 71 

methods). As a general principle, extra-probabilistic theories of uncertainties consider that 72 



 

probabilistic measures are themselves uncertain and assign an imprecision to this measure (24,27,28). 73 

This allows consideration of the uncertainties pertaining to the probabilistic projections (29,30).  74 

In this paper, we apply the principles of extra-probabilistic theories of uncertainties across the different 75 

steps allowing the generation of global and regional sea-level projections based on uncertain 76 

components (See methods and section 2). We use a procedure for jointly propagating uncertain 77 

components represented by probabilistic and extra-probabilistic distributions and for addressing the 78 

issue of dependencies between components (see methods). We apply the approach to the AR5 likely 79 

components, but we also examine post-AR5 studies on ice sheet melting (31-33). Our aim is to provide 80 

a complementary approach to deal with uncertainties in sea-level projections, especially with regard 81 

to the needs of the most risk-averse stakeholders (11-14). Many issues discussed in this paper have 82 

been already identified in previous studies (7,18-22,29,30). Here, the novelty of our approach consists 83 

of applying a mathematical framework that provides quantitative insight into concepts expressed in 84 

fuzzy terms so far, such as ambiguity, high-end scenarios and deep uncertainties.    85 

This paper proceeds as follows: in section 2, we model the uncertainties of sea-level components in an 86 

extra-probabilistic framework, focusing in particular on ice-sheets melting. In section 3, we provide 87 

extra-probabilistic sea-level projections and examine how they can be used to deliver quantitative 88 

measures for uncertainties in a consistent manner across regions, time horizons and climate scenarios. 89 

Finally, section 4 examines the global and regional dependency of extraprobabilististic sea-level 90 

projections on greenhouse gas emissions.  91 

2. Modelling uncertainties in sea-level components 92 

2.1 Sources of ambiguity in sea-level projections 93 

After Kopp et al. (2017) (7), and the earlier study of Ellsberg, 1961 (34), the term ‘ambiguity’ is defined 94 

as the uncertainty due to the coexistence of several equally credible probability functions to describe 95 

a variable, such as future global sea-level rise. The dynamic mass discharge of the Antarctic ice sheet 96 

is the most obvious, but not the only, source of ambiguity in sea-level projections (Supplementary 97 



 

Figure 1). In fact, two distinct processes causing dynamic mass loss of the ice sheet are currently 98 

considered:  (1) marine ice sheet instability (MISI), which possibly explains observations in West-99 

Antarctica (35,36) and could contribute to global sea-level rise of up to 0.3m by 2100 (3,32), and (2) 100 

the marine ice cliffs instabilities (MICI), which involves a rapid retreat of ice shelves in response to a 101 

combined effect of hydro-fracturing and dislocation of ice cliffs formed at the ice sheet margins (33). 102 

This latter process is observed in very limited regions of Greenland and Antarctica, and it requires 103 

substantial ice melt at the surface, which may not happen in Antarctica over the 21st century (37). 104 

Furthermore, the process itself is poorly understood from a physical point of view and is therefore 105 

heavily parametrized in models. However, MICI is associated with large ice loss in Antarctica and it 106 

could cause 1 m of global sea-level rise by 2100 (33) (Supplementary Figure 1). Today, the probability 107 

of MICI is unknown, but as it is considered possible, sea-level projections assuming MICI provide 108 

relevant information for risk-averse coastal adaptation practitioners. Hence, two families of 109 

probabilistic projections coexist today for the Antarctic dynamic contribution to sea-level rise: those 110 

compliant with the 5th assessment report (AR5) of the IPCC, whether involving MISI or not, and those 111 

also involving MICI (38) (Supplementary Figure 1).  112 

Coupled ice-sheet projections combining the rapid dynamics and surface mass balance (difference 113 

between snow accumulation and the melt and sublimation of snow and ice) of the Greenland ice sheet 114 

(GIS) are provided in a probabilistic form based on a suite of climate models (31). Over the last two 115 

decades, global climate models underestimate the contribution of the Greenland ice sheet surface 116 

mass balance to global sea-level rise by a factor of two (39-41). Future observations and research 117 

should establish whether this discrepancy is due to multi-decadal modes of Greenland climate 118 

variability, or if higher resolution climate model capture atmospheric changes sufficiently well to 119 

reconcile observed or modelled Greenland ice sheet surface mass balance. Until this is resolved, sea-120 

level projections should consider the possibility that this bias remains in the future, leading to 121 

Greenland ice sheet contributions to sea-level rise equal to twice the probabilistic assessment of Fürst 122 

et al. (2015) (31) (Supplementary Figure 2).  123 



 

Other sources of ambiguity include Antarctic surface mass balance (42-44), glacier melting (45-49), and 124 

groundwater extraction (Supplementary Figure 3; Supplementary Table 1). Here, we rely on the AR5 125 

statement (1), which provides likely ranges for all these components without delivering upper and 126 

lower bounds. Hence, following the approach of Le Cozannet et al. (2017) (30), we complete possibility 127 

distributions fitted to the AR5 likely ranges with upper and lower bounds available in the literature 128 

(see supplementary Table 1).  129 

We assume that the ocean component can be described by a Gaussian distribution across the 21 CMIP5 130 

models (16 for RCP 2.6) used in sea-level projections after Slangen et al. (2014) (6) and Carson et al. 131 

(2016) (8). This Gaussian assumption has been evaluated by Jackson and Jevrejeva (2016) (50) using a 132 

larger model ensemble. They concluded that the distribution of the ocean component across models 133 

was Gaussian (if some outliers were removed, especially in the tropics and the Mediterranean). 134 

However, this Gaussian assumption could be questioned in future studies, considering dependences 135 

between CMIP5 models, the limitations due to the small number of CMIP5 models (16 to 21), and, 136 

ultimately, the processes included in each models, which may perform differently depending on the 137 

region considered (51,52). The same caveat applies to the effects of the global isostatic adjustment 138 

(GIA), which can display large uncertainties locally (53). However, there is currently little basis to bound 139 

vertical ground motions due to the GIA, so that we follow here the AR5 approach (1), which arguably 140 

interpret the difference between two GIA models as the standard deviation of a Gaussian distribution 141 

(1,54,55). While it is too early to model the ocean and GIA contributions through appropriate extra-142 

probabilistic distribution, our assumptions can be justified because ice mass losses are the dominant 143 

source of ambiguity in sea-level projections and most important to consider. 144 

2.2 Experimental design 145 

The extra-probabilistic sea-level projections presented in Figure 1 (and in all other figures of this paper) 146 

are computed by a Monte-Carlo procedure jointly propagating uncertain components represented by 147 

probabilistic and extra-probabilistic distributions (Supplementary Figure 3) (24) (see methods). To 148 



 

evaluate the knowledge gained since the AR5, we consider the two following groups of extra-149 

probabilistic projections:  150 

- Alter-AR5 global mean sea-level projections, which sum the Gaussian ocean sea-level 151 

component with extra-probabilistic ice and land water components adjusted to the AR5 likely 152 

ranges (1), while remaining bounded by minimum and maximum possible contributions 153 

(50,56-58)  (supplementary Table 1). We call them Alter-AR5 because they are computed 154 

based on an extra-probabilistic approach to the AR5 likely ranges of sea-level components 155 

(Methods). 156 

- Post-AR5 projections, which consider the recent advances regarding the simulation of 157 

Antarctic dynamics and Greenland ice sheet melting (31-33).  158 

In a probabilistic framework, assumptions regarding the dependencies of components of sea-level rise 159 

have large impacts on the final distribution (59). Here, our reference set of simulations assumes full 160 

dependency between the ocean, glacier, Greenland, and Antarctic surface mass balance components 161 

through their relation to global mean surface temperature. We assume that the Antarctic surface mass 162 

balance is anticorrelated with the other components, because it is expected that more precipitation 163 

will accumulate on the margins of Antarctica in a warmer climate, thus reducing global sea-level rise. 164 

Other dependence schemes are tested (supplementary table 1) and presented in the supplementary 165 

figures.  166 

3. Results: extra probabilistic sea-level projections and quantitative metrics of uncertainty 167 

Figure 1 displays extra-probabilistic global sea-level projections by 2100 under RCP 8.5 in a cumulative 168 

distribution diagram. These sea-level rise projections are bounded by two functions, the upper and 169 

lower cumulative probability bounds, hence defining a probability-box (p-box), which includes all 170 

probabilistic projection compliant with our assumptions. The “ill-known” sea-level rise cumulative 171 

distribution function by 2100 under RCP 8.5 is located in between these two bounds, which are 172 

computed according to the joint probabilistic-extra-probabilistic procedure described in the methods 173 



 

section. The ambiguity in global sea-level projection can therefore be appraised by comparing these 174 

upper and lower bounds, but it may also be quantified simply by computing the area comprised 175 

between these two functions. This region is called the “Ambiguity area criterion” (AAC) in the 176 

remainder of this paper. 177 

 178 

Figure 1: Global extra-probabilistic sea-level projection for 2100 (RCP 8.5) presented in a cumulative 179 

distribution diagram, and proposing unified criteria to identify deeply uncertain sea-level values or 180 

low-end and high-end scenarios. The projection presented here corresponds to post-AR5 181 

simulations.  182 

Coastal adaptation practitioners can refer to cumulative distribution diagrams such as Figure 1 in order 183 

to appraise the safety margin provided by the sea-level scenarios they are using and define:  184 

- deeply uncertain sea-level scenarios, corresponding to sea-level rise values, whose probability 185 

can not be quantified precisely enough to inform adaptation, due to high disagreements 186 



 

between possible probabilistic models. For example, in Figure 1, values are considered deeply 187 

uncertain if the uncertainty of their probability exceeds 60%. 188 

- high-end and low-end scenarios, whose probabilities can be bounded. For example, Figure 1 189 

defines high-end (respectively low-end) scenarios as sea-level rise values, whose probabilities 190 

is lower than a user-defined risk tolerance threshold, set at 60% in Figure 1. Hence, in Figure 191 

1, low-end scenarios correspond to future sea levels whose probabilities to be exceeded can 192 

not exceed 60%. 193 

- lower and upper bounds, corresponding to sea-level scenarios, whose probability is extremely 194 

low whatever the probabilistic frameworks considered. In the example of Figure 1, this 195 

corresponds to sea-level rise values lower than 0m and higher than 3m, whose probabilities 196 

are always lower than 1%. While there is no physical basis to support sea-level scenarios in this 197 

range today, users with high risk-aversion, such as those planning the maintenance and 198 

decommissioning of nuclear power plants, may still consider such lower and upper bound in 199 

their adaptation strategy, for example to align their sea-level scenarios with the safety margins 200 

applicable in their working processes, or at least have a strategy in place if these scenarios are 201 

praised.  202 

Depending on their risk-aversion, users can define risk tolerance thresholds to distinguish high-end 203 

and low-end scenarios from deeply uncertain sea-level rise values (11-14). This threshold can be 204 

associated to an uncertainty on the cumulative probability function. In the remainder of this paper, 205 

thresholds ranging from 1% to 10% are presented.  206 

AR5 authors did not provide any very likely range of future sea level (90-100% probability), because of 207 

the lack of literature and understanding on the very unlikely high-end values of projected temperatures 208 

and sea-level components. Here, Figure 1 proposes a framework applicable at any location and 209 

allowing coastal adaptation practitioners to define the most appropriate sea-level scenario given their 210 

decision context (11-14). Furthermore, the terminology proposed here has the advantage of defining 211 



 

precisely concepts, which have previously been loosely defined so far, such as ambiguity, deep 212 

uncertainties, high-end scenarios and upper bounds.  213 

4. Discussion: dependency of extra-probabilistic sea-level projections on greenhouse gas 214 

emissions 215 

4.1 Changes in global sea-level projections since the AR5 216 

In this subsection, we examine how the knowledge gained since AR5 has modified global sea-level 217 

projections that can be obtained through an extra-probabilistic approach. The gray and red polygons 218 

in Figure 2 present the upper and lower cumulative distribution functions for Alter-AR5 and Post-AR5 219 

simulations for RCP 8.5 in 2100 (supplementary table 1). Note that the shape of the Alter-AR5 upper 220 

distribution can be explained by the high uncertainty of the upper bound of the contribution of 221 

Antarctic ice sheet and by the dependence scheme used here (see section 2 and supplementary 222 

material 3). In fact, considering different dependence schemes leads to qualitatively similar results, 223 

although Alter-AR5 simulations are more sensitive to assumptions regarding dependencies. This can 224 

be explained by the long fat tails of probability boxes associated with the likely ranges (30), which 225 

remain more apparent in global projections when stronger dependencies between components are 226 

assumed. However, in the case of Post-AR5 simulations, these choices have only a minor impact on 227 

the uncertainties of extra-probabilistic sea-level projections (Supplementary Figure 4).  228 

Different perspectives can be taken to compare uncertainties in sea-level projections. For example, 229 

the AR5 statement implies that the probability that sea-level rise exceeds 1.5m by 2100 is lower than 230 

33%, but Figure 2 shows that it is lower than 55% according to the Alt-AR5 simulations, and lower than 231 

90% according to the post-AR5 simulations. This illustrates that the uncertainties in sea-level 232 

projections depend heavily on the uncertainty model chosen for each sea-level component, as well as 233 

on the method chosen to aggregate uncertainties of individual sea-level components. Overall, if sea-234 

level rise values higher than 2m are left aside, post-AR5 simulations are shifted to the right in a CDF 235 



 

diagram compared to previous estimates, implying larger deeply uncertain and greater high-end sea-236 

level scenarios.  237 

The ambiguity criterion of global sea-level projections, as defined in Figure 1, is 8% larger in post-AR5 238 

projections than for alter-AR5 projections for RCP8.5. However, it is reduced by 40% and 60% for RCP 239 

4.5 and 2.6 respectively (Supplementary Figure 5). These examples show in a quantitative manner that 240 

the ambiguity of sea-level projections by 2100 is much smaller for lower RCP scenarios in post-AR5 241 

simulations (as expressed by Horton et al., 2018 (22)). Furthermore, it shows that for RCP 8.5, the 242 

knowledge gained since AR5 has neither resulted in a reduction of ambiguity of sea-level projections, 243 

nor in allowing coastal adaptation planners to reduce the range of plausible sea-level scenarios. Hence, 244 

when designing sea-level scenarios, coastal adaptation practitioners should not necessarily expect a 245 

reduction of uncertainties with the acquisition of new knowledge. Instead, they may anticipate that 246 

upper and lower cumulative bounds will continue to evolve in the future.  247 

The results presented in Figure 2 are sensitive to outliers and extreme modeling results. For example, 248 

Post-AR5 sea-level projections strongly rely on a single study implementing the Marine Ice Cliff 249 

Instability (33), and, to a smaller extent, to current capabilities of Greenland ice-sheet melting models 250 

(see section 2). Nevertheless, Alter-AR5 simulations shown in Figure 2 remind that sea-level 251 

projections displayed ambiguity before this particular study. Whatever the limitations of each single 252 

study considered here, the uncertainty propagation procedure (Methods) guarantees that no line of 253 

evidence in the published literature supports any probabilistic sea-level projection outside the colored 254 

area in Figure 2.  255 



 

 256 

Figure 2: Extra-probabilistic sea-level projections based on Alter-AR5 and Post-AR5 simulations. 257 

Supplementary figure 5 provides the same results for RCP 4.5 and RCP 2.6 by 2100, and 258 

supplementary figure 6 for all RCP by 2055.  259 

 260 

4.2 Regional implications 261 

The ambiguity of sea-level rise displays regional variability due to the non-uniform response of the 262 

solid Earth to the melting of ice (Figure 3) (2,6,7). This reflects that ambiguity is mostly due to dynamic 263 

mass loss from the Antarctic and Greenland ice sheets. Contrary to the global mean (Figures 1 and 2), 264 

the sea-level projections presented in Figure 3 and Supplementary Figure 7 are applicable at regional 265 

scales and can be combined with information on local vertical ground motions, sea-level variability and 266 

extreme water levels in order to create local relative sea-level rise scenarios suitable to inform 267 



 

adaptation. They provide a baseline for coastal adaptation practitioners to design locally applicable 268 

extra-probabilistic projections as well as high-end and low-end scenarios as in Figure 1. 269 

 270 

Figure 3: Regional variability of AAC (ambiguity area criterion) in the case of post-AR5 simulations. 271 

The AAC is expressed as a percentage of the global mean. Projections provided are for 2100 with 272 

respect to a 1986-2005 mean.   273 

Figure 4 displays the benefits, in terms of ambiguity reduction, of achieving RCP 2.6 and RCP 4.5 274 

compared to a RCP 8.5 baseline, which is assumed to represent business-as-usual greenhouse gas 275 

emissions. Figure 4 shows that mitigating climate change reduces the ambiguity in sea-level projections 276 

in almost all inhabited regions. However, while climate change mitigation reduces sea-level projection 277 

ambiguity almost uniformly along inhabited coastlines of the world if RCP 4.5 is achieved, reaching the 278 

more ambitious RCP2.6 benefits the countries of the Indian subcontinent, the Middle East and eastern 279 

Mediterranean, northern Europe, the west coast of North America, around the Yellow Sea, and the 280 

Arctic the most. More generally, Europe and all of North America see higher benefits. This is due to 281 

the fact that RCP4.5 strongly reduces the risk of a large contribution from the Greenland ice sheet 282 

(Supplementary Figure 2) (31), whereas the projections of dynamics ice sheets melting in Antarctica 283 

are significantly lower for RCP 2.6 compared to RCP 4.5 (Supplementary Figure 1). This reduction of 284 



 

ambiguity has obvious implications for adaptation in these areas, as the lower ambiguity simplifies the 285 

process of selecting appropriate sea-level scenarios for planning and design: e.g., design height 286 

standards or setback lines for coastal infrastructures. For mitigation policies, this implies that western 287 

countries are among those who benefit the most from reducing climate change well below current 288 

Intended Nationally Determined Contributions (INDCs). As these countries have established a global 289 

economy based on the combustion of fossil fuels and remain massive contributors to today’s 290 

greenhouse gas emissions, the result of Figure 4 can be seen as an additional incentive for finding 291 

mitigation solutions allowing to reach the 2°C target.  292 

The contribution of the different sea-level components to the ambiguity of regional and global sea-293 

level projections is closely related to the diversity in and the amount of studies on these components. 294 

Since AR5, a lot of effort has been dedicated to studies on the contribution of Antarctica to global sea-295 

level rise (7,50,58,60,61). This has led to estimates based on a diverse range of methods from process-296 

based statistical estimates (32) to numerical simulations with recently developed parametrizations 297 

(33). In contrast, the contribution of thermal expansion is directly derived from the CMIP5 simulations, 298 

which are all coupled Atmosphere-Ocean Global Circulation Models (AOGCMs). There are no new 299 

estimates of thermal expansion based on global warming including plausible feedback processes, 300 

which are not represented in AOGCMs. In addition, there are no post-AR5 estimates of thermal 301 

expansion. Altogether, the diversity of approaches to estimate the contributions of different 302 

components to sea-level rise may exacerbate the large dependency of ambiguity to specific 303 

components such as Antarctica. 304 



 

305 

 306 

Figure 4: regional reduction of ambiguity in sea-level projections by 2100 induced by climate change 307 

mitigation policies according to the ambiguity area criterion (see section 3.3): above RCP 2.6 versus 308 

RCP8.5; below: RCP 4.5 versus RCP 8.5 (note difference in scales in the two figures). These figures 309 

read as follows: the ambiguity in sea-level projections are reduced by a factor 4 (respectively 2) along 310 



 

the coasts of Africa if RCP 2.6 (respectively: RCP 4.5) is preferred to the business-as-usual scenario 311 

(RCP 8.5).  312 

5. Conclusions 313 

This study applies the principle of extra-probabilistic theories of uncertainties across the different steps 314 

leading to global and regional sea-level projections based on their components. From a methodological 315 

point of view, we provide a consistent and unified framework to quantify ambiguity, deep uncertainties 316 

and define high-end and low-end scenarios across many coastal locations, thus providing directly 317 

applicable projections to inform coastal adaptation planners (section 3).  318 

The analysis shows a strong relationship between quantitative measures of ambiguity and RCP 319 

scenarios. This emphasizes the strong dependency of sea-level projections on greenhouse gas 320 

emissions, which is less apparent if only one probabilistic sea-level projection is considered. 321 

Furthermore, this enables the benefit, in terms of ambiguity reduction, of achieving RCP2.6 or RCP4.5 322 

versus RCP8.5 to be quantified. We find that developed countries are among those who benefit the 323 

most, in terms of such uncertainty reduction. This is one benefit of climate mitigation that is rarely 324 

considered.  325 

Our conclusions rely on the current state of understanding of each component of sea-level rise. This 326 

state of understanding is evolving over time. For example, future studies may conclude that the Marine 327 

Ice Cliff Instability is unlikely to occur during the 21st century. Overall, and notwithstanding limitations 328 

of our ability to define uncertain components of future sea-level rise, the extra-probabilistic approach 329 

can be seen as an attempt to address the needs of users considering likely estimates and low-330 

probability high-impact scenarios within a unified framework. 331 

6. Methods 332 

6.1 Sources of ambiguity in sea-level projections 333 

We apply the principles of extra-probabilistic theories of uncertainties, which use imprecise probability 334 

functions to extract quantitative metrics of ambiguity. Depending on the source of information 335 



 

describing uncertainties for each component, we apply the most appropriate mode of representation: 336 

possibility distributions (62) or probability boxes (63) constructed based on the maximum and 337 

minimum CDF available in the literature, or probability functions.  338 

The AR5 provides likely intervals, within which the considered variable is expected to lie with a 339 

probability higher than 2/3 (table 1 of Mastrandrea et al., 2010 (64), see supplementary text 1). Given 340 

a likely range, the probability of exceeding a particular threshold is bounded by two step functions, 341 

which delineate all plausible probability functions compliant with this likely range (30). We 342 

complement the likely range with supplementary information that allows bounds to the maximum 343 

contribution of each component of sea-level rise to be estimated, mostly from Jackson and Jevrejeva 344 

(2016) (50). For example, the sea-level rise contribution from Greenland cannot exceed 5m, which 345 

corresponds to the total amount of sea-level equivalent in this ice sheet. By 2100, these figures are 346 

further limited by the kinematics of ice melting processes (56). Supplementary Table 1 indicates which 347 

assumptions have been made for each component of future sea-level rise (see supplementary table 348 

1).  349 

6.2 Joint probabilistic-extra-probabilistic propagation of uncertainties 350 

Uncertainty propagation consists of evaluating the impacts of the uncertainties associated with the 351 

inputs of a model on the outputs of interest. Here, the model of interest computes global and regional 352 

sea-level projections. It is simply the sum of the uncertainty components of future sea-level rise, 353 

considering the dependencies between these components. We apply a Monte-Carlo-like approach, 354 

namely the independent random set approach (65), to jointly propagate uncertainties of probabilistic 355 

and extra-probabilistic input parameters across the model. This method extends the classic 356 

probabilistic Monte-Carlo approach by selecting an interval for each probability of exceedance level 357 

instead of a single value. The method accounts for stochastic dependencies and anti-dependencies 358 

among input parameters: during each step of the propagation procedure, we select the same levels of 359 



 

probability of exceedance for two fully dependent variables, or the complement of this probability of 360 

exceedance for an anti-dependent variable (in the case of Antarctic surface mass balance).   361 

6.3 Regional projections 362 

The regional projections are computed following Slangen et al. (2014) (6): for each 1°x1° cell in the 363 

ocean: we apply the same Joint probabilistic-extra-probabilistic propagation of uncertainties, 364 

considering the regional variability of the ocean component as well as the fingerprints of mass 365 

contributions to sea-level rise. Finally, the contribution of the global isostatic adjustment is added as a 366 

Gaussian contribution, as in the AR5. Other vertical ground motions caused by anthropogenic or 367 

natural processes (tectonics, volcanism, variations in the water content in recent sedimentary layers, 368 

groundwater or hydrocarbure extractions, etc.) (11, 66) are not considered, and, where relevant, 369 

should be added as an additional source of uncertainty for local application. 370 

6.4 Implementation 371 

We use the R-package Hyrisk (Hybrid Methods for Addressing Uncertainty in RISK Assessments) (67), 372 

supplemented with additional functions allowing the inclusion of p-boxes as uncertainty input 373 

parameters. We obtain the regional extra-probabilistic projections by performing 250 simulations in 374 

the Monte-Carlo procedure. We forced the input random variable to follow a Sobol’ sequence of quasi-375 

random numbers (68) in order to accelerate the convergence of the computation of the extra-376 

probabilistic projections.  377 

Authors contributions 378 

GLC Designed research; all authors performed research; JCM, JR Contributed new analytic tools; MC, 379 

AS, DS provided data; All analyzed results, wrote and revised the paper. 380 

Acknowledgements 381 

This study was supported by the LEFE-IMPHALA project. GLC, JR, EL, BM, JH and RW were supported 382 

by the ERA4CS INSeaPTION and ECLISEA projects (grant number: 690462). RW acknowledges the ALW-383 

NPP program of NWO for financial support. We thank the members of the WCRP Grand Challenge on 384 



 

sea-level rise, Vincent Favier, Cyril Palerme, Michiel Van Den Broeke as well as numerous colleagues 385 

for useful discussions that led to this paper. 386 

References 387 

1. Church JA, et al. (2013) Sea level change. Climate Change 2013: The Physical Science Basis, 388 

Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental 389 

Panel on Climate Change (Cambridge Univ Press, Cambridge, UK), pp 1137–1215. 390 

2. Kopp RE, et al. (2014) Probabilistic 21st and 22nd century sea-level projections at a global 391 

network of tide-gauge sites. Earths Future 2:383–406. 392 

3. Golledge NR, Kowalewski DE, Naish TR, Levy RH, Fogwill CJ, Gasson EGW (2015) The multi-393 

millennial Antarctic commitment to future sea-level rise. Nature 526(7573):421–425.  394 

4. Clark PU, et al. (2016) Consequences of twenty-first-century policy for multi-millennial climate 395 

and sea-level change. Nat Clim Cha, 6:360. 396 

5. Stammer D, Cazenave A, Ponte RM, Tamisiea ME (2013) Causes for contemporary regional sea 397 

level changes. Ann rev of marine sci, 5:21–46. 398 

6. Slangen AB, Carson M, Katsman CA, Van de Wal RS, Köhl A, Vermeersen LL, Stammer D (2014) 399 

Projecting twenty-first century regional sea-level changes. Climatic Change. 124(1-2):317-32. 400 

7. Kopp RE, et al. (2017). Evolving Understanding of Antarctic Ice‐Sheet Physics and Ambiguity in 401 

Probabilistic Sea‐Level Projections. Earth's Future. 402 

8. Carson M, et al. (2016) Coastal sea level changes, observed and projected during the 20th and 403 

21st century. Clim Cha, 134:269-281. 404 

9. Peltier WR, Argus DF and Drummond R (2015) Space geodesy constrains ice-age terminal 405 

deglaciation: The global ICE-6G_C (VM5a) model. J. Geophys. Res. Solid Earth, 120,450-487. 406 

10. Titus JG, Narayanan VK (1995) The Probability of Sea Level Rise; US Environmental Protection 407 

Agency: Washington, DC, USA; Office of Policy, Planning, and Evaluation: Bethesda, MD, USA; 408 

Climate Change Division, Adaptation Branch: Washington, DC, USA, 1995; Volume 95. 409 



 

11. Nicholls RJ, Hanson SE, Lowe JA, Warrick RA, Lu X, Long AJ (2014) Sea‐level scenarios for 410 

evaluating coastal impacts. Wiley Interdisciplinary Reviews: Climate Change. 5(1):129-50. 411 

12. Le Cozannet G, Nicholls RJ, Hinkel J, Sweet WV, McInnes KL, Van de Wal RS, Slangen A, Lowe 412 

JA, White KD (2017b) Sea level change and coastal climate services: The way forward. Journal 413 

of Marine Science and Engineering. 5(4):49. 414 

13. Hinkel J, et al. (2015) Sea level rise scenarios and coastal risk management. Nat Clim 415 

Cha, 5:188. 416 

14. Hinkel J, et al. (subm) Meeting user needs for sea-level information: a decision analysis 417 

perspective, submitted to Earth Future.  418 

15. Purvis M J, Bates P D and Hayes C M 2008 A probabilistic methodology to estimate future 419 

coastal flood risk due to sea level rise Coast. Eng. 55 1062–73 420 

16. Le Cozannet G et al. (2015) Evaluating uncertainties of future marine flooding occurrence as 421 

sea-level rises Environ. Modell. Softw. 73 44–56 422 

17. Stephens SA, Bell RG, Lawrence J (2017) Applying principles of uncertainty within coastal 423 

hazard assessments to better support coastal adaptation. Journal of Marine Science and 424 

Engineering 5:40. 425 

18. Wong TE, Keller K, (2017) Deep Uncertainty Surrounding Coastal Flood Risk Projections: A Case 426 

Study for New Orleans. Earth's Future, 5:1015-1026. 427 

19. Robinson AE et al. (2017). Accounting for Residual Uncertainty: Updating the Freeboard Guide. 428 

Report—SC120014, UK Environmental Agency, Flood and Coastal Erosion Risk Management 429 

Research and Development Programme.  430 

20. Bakker AM, Louchard D, Keller K, (2017) Sources and implications of deep uncertainties 431 

surrounding sea level projections. Clim Cha, 140:339-347. 432 

21. de Vries H, van de Wal RS, (2015) How to interpret expert judgment assessments of 21st 433 

century sea level rise. Clim Cha, 130:87-100. 434 



 

22. Horton BP, Kopp RE, Garner AJ, Hay CC, Khan NS, Roy K, Shaw TA (2018) Mapping sea-level 435 

change in time, space, and probability. Annual Review of Environment and Resources, 43, 481-436 

521. 437 

23. Dubois D (2007) Uncertainty theories: a unified view. In IEEE Cybernetic Systems Conference, 438 

Dublin, Ireland, Invited Paper, 4–9. 439 

24. Baudrit C, Couso I, Dubois D (2007) Joint propagation of probability and possibility in risk 440 

analysis: Towards a formal framework. International Journal of Approximate Reasoning, 441 

45(1):82–105. 442 

25. Dubois D, Guyonnet D (2011) Risk-informed decision-making in the presence of epistemic 443 

uncertainty. International Journal of General Systems, 40(02):145–167. 444 

26. Aven T, Zio E (2011) Some considerations on the treatment of uncertainties in risk 445 

assessment for practical decision-making. Reliability Engineering and System Safety, 96:64–446 

74. 447 

27. Beer M, Ferson S, Kreinovich V (2013) Imprecise probabilities in engineering analyses. 448 

Mechanical systems and signal processing, 37(1-2), 4-29. 449 

28. Shortridge J, Aven, T, Guikema, S (2017). Risk assessment under deep uncertainty: A 450 

methodological comparison. Reliability Engineering & System Safety, 159, 12-23. 451 

29. Ben Abdallah N, Mouhous-Voyneau N, Denoeux T (2014) Combining statistical and expert 452 

evidence using belief functions: application to centennial sea level estimation taking into 453 

account climate change Int. J. Approximate Reasoning 55 341–54 454 

30. Le Cozannet G, Manceau JC, Rohmer J (2017) Bounding probabilistic sea-level projections 455 

within the framework of the possibility theory. Environmental Research Letters, 12(1), 456 

p.014012. 457 

31. Fürst JJ, Goelzer H, Huybrechts P (2015) Ice-dynamic projections of the Greenland ice sheet in 458 

response to atmospheric and oceanic warming. The Cryosphere. 9(3):1039-62. 459 



 

32. Ritz C, et al., (2015) Potential sea level rise from Antarctic ice-sheet instability constrained by 460 

observations. Nature, 528:115-118. 461 

33. DeConto RM, Pollard D (2016) Contribution of Antarctica to past and future sea level 462 

rise. Nature, 531:591-597.  463 

34. Ellsberg D (1961) Risk, ambiguity, and the savage axioms. Q J Econ 75(4):643–669. 464 

35. Rignot E, Mouginot J, Morlighem M, Seroussi H, Scheuchl B (2014) Widespread, rapid 465 

grounding line retreat of Pine Island, Thwaites, Smith, and Kohler glaciers, West Antarctica, 466 

from 1992 to 2011. Geophysical Research Letters, 41(10), 3502-3509. 467 

36. Joughin I, Smith BE, Medley B (2014) Marine ice sheet collapse potentially under way for the 468 

Thwaites Glacier Basin, West Antarctica. Science, 344(6185), 735-738. 469 

37. Trusel LD, Frey KE, Das SB, Karnauskas KB, Munneke PK, Van Meijgaard E, Van Den Broeke MR 470 

(2015) Divergent trajectories of Antarctic surface melt under two twenty-first-century climate 471 

scenarios. Nature Geoscience, 8(12), 927. 472 

38. Edwards TL, et al (2018) Revisiting Antarctic ice loss due to marine ice cliff instability, Nature 473 

(accepted).  474 

39. Fettweis X et al (2013) Estimating the Greenland ice sheet surface mass balance contribution 475 

to future sea level rise using the regional atmospheric climate model MAR, The Cryosphere, 7, 476 

469-489. 477 

40. Delhasse A, Fettweis X, Kittel C, Amory C, Agosta C (2018) Brief communication: Impact of the 478 

recent atmospheric circulation change in summer on the future surface mass balance of the 479 

Greenland ice sheet, The Cryosphere 12, 3409-3418. 480 

41. Hanna E, Fettweis X, Hall RJ (2018) Brief communication: Recent changes in summer Greenland 481 

blocking captured by none of the CMIP5 models, The Cryosphere, 12, 3287-3292. 482 

42. Frieler K, Clark PU, He F, Ligtenberg SRM, van den Broeke MR, Winkelmann R, Reese R, 483 

Levermann A (2015) Consistent evidence of increasing antarctic accumulation with warming. 484 

Nat Clim Chang 5:348–352 485 



 

43. Favier L et al (2014) Retreat of Pine Island Glacier controlled by marine ice-sheet instability, 486 

Nature Climate Change, 4, 117-121 487 

44. Palerme C, Genthon C, Claud C, Kay JE, Wood NB, L’Ecuyer T (2017) Evaluation of current and 488 

projected Antarctic precipitation in CMIP5 models. Climate dynamics. 48(1-2):225-39. 489 

45. Slangen AB, Van de Wal RS (2011) An assessment of uncertainties in using volume-area 490 

modelling for computing the twenty-first century glacier contribution to sea-level change. The 491 

Cryosphere. 24;5(3):673-86. 492 

46. Marzeion B, Jarosch AH, Hofer M (2012) Past and future sea-level change from the surface 493 

mass balance of glaciers. Cryosphere 6:1295–1322.  494 

47. Hirabayashi Y, Zang Y, Watanabe S (2013) Projection of glacier mass changes under a high-495 

emission climate scenario using the global glacier model HYOGA2. Hydrol Res 7(1):6–11.  496 

48. Radić V, Bliss A, Cody AB, Hock R, Miles E, Cogley JG (2014) Regional and global projections of 497 

twenty-first century glacier mass changes in response to climate scenarios from global climate 498 

models. Clim Dyn 42:37–58.  499 

49. Huss M, Hock R (2015) A new model for global glacier change and sea-level rise. Front Earth 500 

Sci 3(September):1–22.  501 

50. Jackson LP, Jevrejeva S (2016) A probabilistic approach to 21st century regional sea-level 502 

projections using RCP and High-end scenarios. Global and Planetary Change. 146:179-89. 503 

51. Hu A, Deser C (2013) Uncertainty in future regional sea level rise due to internal climate 504 

variability. Geophys Res Lett 40:2768–2772.  505 

52. Little CM, Horton RM, Kopp RE, Oppenheimer M, Yip S (2015) Uncertainty in twenty-first-506 

century CMIP5 sea level projections. J Clim 28(2):838–852. 507 

53. Jevrejeva S, Moore JC, Grinsted A, Matthews AP, Spada G (2014) Trends and acceleration in 508 

global and regional sea levels since 1807. Global and Planetary Change, 113, 11-22.  509 

54. Lambeck K, Smither C, Johnston P (1998) Sea-level change, glacial rebound and mantle 510 

viscosity for northern Europe. Geophys. J. Int., 134, 102–144. 511 



 

55. Peltier WR (2004) Global glacial isostasy and the surface of the ice-age Earth: the ICE-5G (VM2) 512 

model and GRACE. Annu. Rev. Earth Planet. Sci., 32:111-149. 513 

56. Pfeffer WT, Harper J, O'Neel S (2008) Kinematic constraints on glacier contributions to 21st-514 

century sea-level rise Science, American Association for the Advancement of Science, 321, 515 

1340-1343 516 

57. Little C M, Oppenheimer M and Urban N M (2013) Upper bounds on twenty-first-century 517 

Antarctic ice loss assessed using a probabilistic framework Nat. Clim. Change 3 654–59 518 

58. Jevrejeva S, Grinsted A, Moore JC (2014) Upper limit for sea level projections by 2100 Environ. 519 

Res. Lett. 9 104008 520 

59. Le Bars, D (2018) Uncertainty in sea level rise projections due to the dependence between 521 

contributors. Earth's Future, 6(9), 1275-1291. 522 

60. Le Bars D, Drijfhout S, de Vries H. (2017). A high-end sea level rise probabilistic projection 523 

including rapid Antarctic ice sheet mass loss. Env Res Lett, 12:044013. 524 

61. Bamber JL, Aspinall WP (2013) An expert judgement assessment of future sea level rise from 525 

the ice sheets. Nature Climate Change, 3(4), 424. 526 

62. Dubois D, Prade H (1988) Possibility theory. Springer 527 

63. Ferson S, Kreinovich V, Ginzburg L, Myers DS, Sentz K (2002) Constructing probability boxes 528 

and Dempster-Shafer structures, volume 835. Sandia National Laboratories. 529 

64. Mastrandrea M et al (2010) Guidance Note for Lead Authors of the IPCC 5th Assessment 530 

Report on Consistent Treatment of Uncertainties 531 

65. Baudrit C (2005) Representation and propagation of imprecise and uncertain knowledge: 532 

Application to the assessment of risks related to contaminated sites. PhD thesis of the 533 

University Paul Sabatier of Toulouse (in French), Toulouse, France, 198 pp. 534 

66. Wöppelmann G, Marcos M (2016) Vertical land motion as a key to understanding sea level 535 

change and variability. Rev Geophys 54:64–92 536 



 

67. Rohmer J, Manceau JC, Guyonnet D, Boulahya F (2017). HYRISK: Hybrid Methods for 537 

Addressing Uncertainty in RISK Assessments. R package version 1.2. https://CRAN.R-538 

project.org/package=HYRISK 539 

68. Bratley P, Fox BL (1988) ALGORITHM 659 Implementing Sobol's Quasirandom Sequence 540 

Generator, ACM Transactions on Mathematical Software, 14(1), 88-100. 541 

  542 



 

Supplementary material 543 

 544 

Supplementary table 1: summary of Alter-AR5 and Post-AR5 simulations presented in this study. We 545 

use the posterior simulations of Ritz et al. (2015) (32). We use the worst-case simulations in DeConto 546 

and Pollard (2016) (33). 547 

 Alter-AR5 – 2055 Alter-AR5 - 2100 Post AR5 - 2100 

Thermal expansion  Gaussian distribution 

Greenland ice sheet AR5 likely range, bounded by the maximum and 

minimum values provided by Jackson and 

Jevrejeva (2016) (50) 

See Supp. Fig 2 

Glaciers AR5 likely range, bounded by the maximum and minimum values provided 

by Jackson and Jevrejeva (2016) (50) 
Antarctic surface mass 

balance 

Antarctic dynamics AR5 likely range, bounded by the maximum and 

minimum values provided by Jackson and 

Jevrejeva (2016) (50) 

See  Supp Fig 1.  

Lower CDF: Ritz et al. 

(2015) (32) 

Upper CDF: RCP 8.5 

and 4.5:  DeConto and 

Pollard (2016) (33); 

RCP 2.6: Ritz et al., 

(2015) (32) 

Groundwater AR5 likely range, bounded by the maximum and minimum values provided 

by Jackson and Jevrejeva (2016) (50) 

Global isostatic 

adjustment (regional 

simulations only) 

Gaussian distribution with mean and standard deviations equal to the 

mean and difference of the Lambeck and Peltier global GIA models, as in 

the AR5 regional simulations (1) 

Reference 

dependence scheme 

Ocean, glaciers and ice sheets surface mass balance, considering 

accumulation of snow over Antarctica in a warmer climate.  

Other dependence 

scheme tested 

No dependencies Fully independent 

 548 
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Supplementary Figures 550 

 551 

Supplementary Figure 1. Cumulative distribution functions (CDF) representing the contribution of 552 

Antarctic dynamics, according to Ritz et al. (2015) (32) and DeConto and Pollard (2016) (33). Note that 553 

the latter CDF are conditional to greenhouse gas emissions (RCP scenarios), whereas only the initiation 554 

of the melting in each sector depends on greenhouse gas emissions in Ritz et al. (2015) (32). Hence, 555 

this probabilistic statement is largely independent of any climate change scenario. Note that the 556 

probabilistic projection of Ritz et al. (2015) (32) displayed here considers observations. The CDF 557 

provided by DeConto and Pollard (2016) (33) include both Antarctic dynamics and surface mass 558 

balance. The latter contribution is removed here (-0.019m, -0.047m and -0.075m for RCP 2.6, 4.5 and 559 

8.5, respectively). The white area represent the p-box considered here in the Alter-AR5 simulations 560 

(30). It is based on: (1) the likely range of the IPCC (white and dashed gray areas), which is the same 561 

for all RCP scenarios; (2) information on the maximum and minimum possible contributions of 562 

Antarctica according to Jackson and Jevrejeva (2016) (dashed gray areas). For the translation of a likely 563 

range in a CDF diagram, see Le Cozannet et al. (2017) (30).  564 



 

 565 

 566 

Supplementary Figure 2. Cumulative distribution functions (CDF) representing the contribution of 567 

Greenland, according to Fürst et al. (2015) (31), and considering a scenario where the contribution of 568 

Greenland is twice that of Fürst et al 2015 (31). The white area represents the p-box considered in the 569 

Alter-AR5 simulations (see legend of supplementary Figure 1). It is based on the fusion of likely ranges 570 

in the IPCC AR5 for all RCP scenarios (white and dashed gray areas). The dashed gray areas are excluded 571 

based on Jackson and Jevrejeva (2016) (50).  572 

 573 

 574 

 575 

 576 



 

 577 

Supplementary Figure 3: mixed probabilistic / extra-probabilistic input parameters used here to 578 

compute global and regional sea-level changes in the case of the RCP 8.5 Alter-AR5 (top) and Post-AR5 579 

(bottom) simulations by 2100. All parameters are shown in a CDF diagram (cumulative density function 580 

or p-boxes).  581 

 582 



 

 583 

Supplementary Figure 4: impact of other dependence schemes. The white area represents the p-box 584 

implied by the AR5 likely range (30). This figure illustrates that for Post-AR5 simulations and, to a lesser 585 

extent, for Alter-AR5 simulation, considering different dependence schemes has only a small effect on 586 

the upper and lower cumulative probability bounds, and is a negligible source of uncertainties given 587 

the large ambiguity in sea-level projections. Hence, with the current ambiguity in sea-level projections, 588 

considering different dependence schemes is not necessary.   589 



 

 590 

Supplementary Figure 5: global extra-probabilistic sea-level projections obtained for each climate 591 

change scenario (RCP 2.6, 4.5 and 8.5) based on the IPCC statement on components, for both Alter-592 

AR5 and Post-AR5 simulations. The white area represents the p-box implied by the AR5 likely ranges 593 

(30).  594 



 

 595 

Supplementary figure 6: global extra-probabilistic projections by 2055. The white area is the fusion of 596 

the likely ranges of all three scenarios RCP 2.6, 4.5 and 8.5. This figure shows that there is consistency 597 

in the mixed probabilistic/extra-probabilistic frameworks proposed here and those applied in the 598 

IPCC AR5 by 2055, translating the fact that the ocean component of sea-level rise (considered 599 

Gaussian in both cases) is a major contribution to uncertainties by this time horizon.  600 

  601 



 

 602 

Supplementary figure 7: regional extra-probabilistic projections displaying regional lowest and highest 603 

scenarios (1% tolerance threshold) as well as lower and upper bounds of deep uncertainties (10% 604 

tolerance threshold). There is no physical basis to support sea-level scenarios outside the minimum 605 

and maximum values, but users may select scenarios outside this range if this is aligned with the 606 

security margins applicable in their sectors (see definitions in Figure 1 ; maps are smoothed with a 607 

5°x5° mean filter). 608 
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 611 
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Supplementary text 1: uncertainty frameworks applicable to sea-level projections 617 

S.1 Probabilistic sea-level projections 618 

In the area of coastal engineering, probabilities are the most widely used tool to describe uncertainties. 619 

For example, in France, coastal risk prevention plans prepare for flooding events with probabilities of 620 

exceedance of 1/100 per year, whereas the newly proposed highest protection standards in the 621 

Netherlands consider dike failure probabilities ranging from 1/10,000 to 1/100,000 in coastal areas (i). 622 

Probabilistic sea-level projections provide a probability function representing the uncertainties of 623 

future sea levels at particular time horizons (e.g., 2050, 2100). They are commonly (but not always) 624 

produced by propagating uncertainties of each component of sea-level rise by means of a Monte Carlo 625 

approaches (2,10,50,60,ii).  626 

S.2 Reasons for considering other frameworks to represent uncertainties 627 

While probabilities are very widely used to represent sea-level uncertainty, it is questionable if these 628 

are the right tool for supporting coastal practitioners, because sea-level rise projections are 629 

ambiguous: several probabilistic sea-level projections exist, reflecting different assumptions on the 630 

causes of future sea-level rise, and, as acknowledged by the sea-level science community itself 631 

(7,21,22), no single probability model can be recommended yet to support coastal adaptation 632 

practitioners. The coexistence of different but equally credible probabilistic statements in future sea-633 

level changes defines the concept of “ambiguity of sea-level projections” (7), following the original 634 

work of Ellsberg (1961) (34) on risk and decision making). 635 

S.3 extra-probabilistic theories of uncertainties and their application to sea-level projections 636 

Extra-probabilistic theories of uncertainties are well suited to analyze ambiguity in sea-level 637 

projections because they recognize that several probability functions are compliant with the 638 

knowledge available (23-26) (see methods). As a general principle, extra-probabilistic theories of 639 



 

uncertainties consider that probabilistic measures are themselves uncertain, and assign an imprecision 640 

to this measure (24,27,28).  641 

In the area of sea-level rise, at least two extra-probabilistic theories of uncertainties, the theory of 642 

evidence (iii) and the possibility theory (62), have been used by coastal engineers and scientists. The 643 

purpose of these studies was to represent the ambiguity due to conflicting expert elicitations of sea-644 

level rise (29,30), to propagate uncertainties through coastal impact models, or to perform a sensitivity 645 

analysis.  646 

S.4 Use of extra-probabilistic theories of uncertainties in the IPCC reports 647 

The IPCC recommended using fuzzy boundaries to define likelihood statements (64), where the current 648 

state of knowledge prevents reliance on a single probability function (64). For example, in the 5th 649 

Assessment report (AR5) of the IPCC, uncertainties in sea-level projections are provided in the form of 650 

a likely range (1). According to the definition, the probability that future sea-level rise falls within the 651 

likely range is between 66% and 100% (64), so that the probability of exceeding the upper limit of the 652 

likely range (e.g., 0.98m by 2100 in the RCP 8.5 scenario) could be 0 to 33% (20,30). As per its definition 653 

(Mastrandrea et al., 2010), a likely range can be immediately interpreted within an extra-probabilistic 654 

framework, such as probability bound analysis (63), within which any cumulative distribution 655 

consistent with the knowledge available are bounded by an upper and lower probability distribution. 656 

In AR5, however, the extra-probabilistic approach was not applied across all steps of producing global 657 

and regional sea-level projections. The likely ranges of independent contributions of components of 658 

future sea-level rise were summed quadratically, reflecting a slightly different definition of the likely 659 

range (“approximately 66%”, as in Church et al., 2013 (iv)), and a probabilistic propagation of 660 

uncertainties assuming Gaussian distributions. Consequently, the spread of the likely range of global 661 

sea-level rise was set to 0.52-0.98m by 2100 in the AR5, to be compared with a likely range of 0.3-1.3m 662 

that would result if no assumption is made regarding the shape of the distributions and their 663 

interdependence, and likely intervals are therefore simply added. This approach separates the 664 



 

(probabilistic) propagation of uncertainties from the final assessment, provided in extra-probabilistic 665 

terms (v), but the issue remains that the choice of a particular uncertainty framework has large impacts 666 

on the final uncertainty range conveyed to coastal stakeholders.  667 
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