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Abstract: 

An approach to analyze high-end sea-level rise is presented to provide a conceptual 

framework for high-end estimates as a function of time scale, thereby linking robust sea-

level science with stakeholder needs. Instead of developing and agreeing on a set of high-

end sea-level rise numbers, or using an expert consultation, our effort is focused on the 

essential task of providing a generic conceptual framework for such discussions, and 

demonstrating its feasibility to address this problem. In contrast, information about high-end 

sea level rise projections was derived previously either from a likely range emerging from the 

highest view of emissions in the IPCC assessment (currently the RCP 8.5 scenario) or from 

independent ad-hoc studies and expert solicitations. Ideally users need high-end sea level 

information representing the upper tail of a single joint sea level frequency distribution, that 

considers all plausible yet unknown emission scenarios as well as involved physical 

mechanisms and natural variability of sea level, but this is not possible. In the absence of 

such information we propose a framework that would infer the required information from 

explicit conditional statements (lines of evidence) in combination with upper (plausible) 

physical bounds. This approach acknowledges the growing uncertainty in respective 

estimates with increasing time scale. It also allows consideration of the various levels of risk 

aversion of the diverse stakeholders who make coastal policy and adaptation decisions, 

whilst maintaining scientific rigor.  
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1 Introduction 

Observed and expected sea-level rise is a prominent result of climate change with profound 

consequences for coastal societies, especially those on low-lying lands and islands (IPCC 

2018). A dominant cause of future long-term sea-level rise is anthropogenic CO2 emissions 

(Church et al. 2013), and the response of individual climate system components to the 

associated temperature increase, notably the thermal expansion of ocean water and mass 

loss from glaciers, and ice sheets, which add mass and volume to the ocean. Based on the 

output from climate models, sea-level rise scenarios have been produced with increasing 

sophistication since the 1980s. Recently, the fifth Assessment Report (AR5) of the 

Intergovernmental Panel on Climate Change (IPCC) provided a likely range of future sea 

level rise under various climate change scenarios (Church et al., 2013, Slangen et al. 2014), 

thereby accounting for expert judgment on the interpretation of the range of simulated model 

outputs. An overview of sea-level projection available during for 21st century is presented by 

Garner et al. (2018). 

For a low-forcing scenario (RCP2.6), AR5 assessed that sea-level rise by 2100 relative to 

the period 1986–2005 will likely be in the range of 0.28 to 0.61 m. For a high emission 

RCP8.5 type forcing, the rise will likely be in the range 0.52 to 0.98 m. Within the IPCC 

nomenclature likely refers to a probability exceeding 66% (Mastrandrea et al. 2010); at the 

same time the likely range is also used for the interval 17%-83% of a not necessarily 

symmetric probability density function (pdf). Therefore the likely range does not explicitly 

consider the tails of the distribution or describes any asymmetry in these tails, information 

that is essential for risk adverse stakeholders interested in the high-end tails of the 

distribution. Hence, information about the likely range of global mean sea level (GMSL) is 

insufficient to plan the full range of coastal adaptation responses (Hinkel et al., 2019).  

The only guidance that the AR5 gave for high-end scenarios at the end of the 21st century 

was that there was medium confidence that any additional contribution, beyond the likely 

range, would not exceed several tenths of a meter during the 21st century, leaving room for 

user interpretation. This was based on the understanding that 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. In this context marine ice 

sheet instability was considered to be the key process; however, there was insufficient 

knowledge to be more specific and to explicitly and reliably estimate possible magnitudes, 

because data records were scarce and too short and the physical understanding of 

grounding line retreat was incomplete.  

At the time of writing the AR5, it was concluded that there was insufficient evidence in the 
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published literature to describe the shape of the tail of the probability distribution. This 

reflects the high uncertainty in all sea-level components and future emissions, and thus the 

magnitude of sea level rise through the 21st century, both globally and regionally. The lack of 

detailed knowledge about future emissions and our limited understanding of physical 

processes controlling Antarctic ice sheet dynamics are the biggest uncertainties, particular 

for long-term projections of sea-level rise. Hence, estimates of high-end sea-level rise 

become increasingly uncertain further into the future.  

Despite the difficulties to specify high-end sea level rise from a physical modeling 

perspective, stakeholders have a strong desire for information about the high-end sea level 

rise tails of the distribution outside the specified likely IPCC range (Hinkel et al., 2015; 

Cozannet et al., 2017b; Hinkel et al., 2019). In addition, many stakeholders and decision 

makers have a strong need for regional to local relative sea-level (RSL) information, 

including vertical land movement. This information allows analysis of the consequences 

across the range of sea-level rise and responses, including issues of timing (Haasnoot et al. 

2019b). Along most coastlines, local sea-level changes can differ significantly by up to 20% 

or more from the global mean change, and, together with long-period tidal effects, this can 

greatly increase the frequency of a given extreme water level event by a factor of 100 or 

more with 50 cm of sea-level rise (Church et al., 2013).  

Where sufficient data is available, best estimates of likely ranges of regional to local sea 

level information can be provided (Carson et al., 2016). However, in most instances, 

information on more severe – high-end – sea level scenarios is important to planners as it 

frames the greatest risk, largest damages and highest prospective costs in planning 

adaptation. Hence, there is a significant demand for a curated “worst-case” scenario of sea-

level rise for planning purposes and investment decisions, even if such a requirement is 

difficult to define from a rigorous scientific perspective in terms of amplitudes and 

probabilities.  

Since the AR5 was published new information emerged from evolving science about high-

end sea-level rise. However, at the same time new questions arose about whether and how 

decision makers and engineers might incorporate new, but controversial, science results into 

their adaptation planning which generally rely on actionable science representing a broad 

consensus and not simply the latest science (Vogel et al., 2016). Anthropogenic subsidence 

constitutes another source to RSL with major potential impacts. For sedimentary lowlands 

such as deltas, this can sometimes be larger than the climate driven RSL rise (Tessler et al., 

2018), and in some coastal cities practicing groundwater withdrawal such as Jakarta, local 

subsidence rates can be more than 10 times current climate-induced RSL (Nicholls, 2018). 
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Transparency is critical in communicating information about high-end estimates to a wider 

audience, suggesting the need for a framework providing a rationale for linking high-end 

estimates of sea-level rise to various types of stakeholder decisions and applications. 

However, a solid conceptual framework that links sea-level science with stakeholder needs 

and which is an essential step to provide guidance for stakeholders is lacking. As the 

meaning of high-end scenarios depend on the risk aversion of stakeholders, an ongoing 

dialogue between stakeholders and the scientific community is critical to define the needs 

and develop together appropriate solutions that are scientifically rigorous: i.e. co-production 

is critical (Vogel et al., 2016; Hall et al., 2019).  

Building on multiple existing and sometimes controversial concepts of high-end sea-level 

changes, definitions and terminology, including probabilistic approaches and upper bound 

concepts (Table 1), the goal of this paper is to develop a framework and a common 

language for future high-end estimates of sea-level rise that is useful for stakeholder 

application. Instead of developing and agreeing on a set of high-end sea-level rise numbers, 

or using an expert consultation, our effort is focused on providing a generic conceptual 

framework for such discussions, and demonstrating its feasibility to address this problem. 

We also consider the implications of high-end estimates on a variety of time scales, from a 

few decades to the end of the century and beyond. We hope that results framed in such a 

way will constructively contribute to the debate on high-end sea-level rise by leading to less 

ambiguous and more robust messages for the science and stakeholder communities alike.  

2 User needs for high-end sea level information?  

A range of user needs for sea-level rise information can be defined, including high-end 

scenarios for robust decision-making (Hinkel et al., 2019). For example, long-term planning 

of flood defenses for London and the Netherlands triggered early work on this question 

(Lowe et al., 2009; Katsman et al., 2011), while more recently the implications of uncertainty 

in high-end scenarios of sea-level rise for adaptation in the Port of Los Angeles were 

considered by Sriver et al. (2018). More generally, there are other possible high-end needs 

such as: (1) urban planners considering zoning, urban capital improvement plans, and their 

tax base; (2) city engineers considering the performance and reliability of water supply, 

wastewater, and storm water management systems, shoreline erosion protection, and flood 

risk reduction measures; (3) the private sector considering the viability of facilities and 

supply chains in the near, mid-term, and far future in order to plan capital investments; and 

(4) changing ecosystems and ecosystem goods and services. All of these users are 

interested in diverse ranges of impacts and varying adaptation measures, and as a result will 

have diverse requirements in terms of sea-level rise information.  
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The constituency of those concerned with coastal adaptation has broadened with time as 

societal awareness of the threat grew. Today, there is a large set of potential adaptation 

users with diverse needs (Le Cozannet et al. 2017a; Hinkel et al. 2019). Some adaptation 

planners consider timescales far into the future due to asset life cycles of 100 years or more  

(e.g., water and wastewater systems) and for high impact events (e.g., London’s and the 

Netherlands’ flood defenses or for coastal nuclear power stations where safety is paramount 

;Wilby et al., 2011; Ranger et al., 2013).  

Beyond impacting individual infrastructure life-times, these decisions have important 

implications far beyond the current century in terms of patterns of land use and settlement. 

However, there are many other adaptation decisions that are shorter term and more easily 

adjusted over time, such as immediate sand nourishment requirements (Hanson et al., 

2002), which are updated on a 10/20-year cycle and hence might use sea-level and erosion 

observations rather than projections. 

The longer the time span, the greater the need for an understanding of the range of possible 

sea-level rise, and its implications for impacts and adaptation decision making. The 

emissions scenario is another key variable and to date higher emission scenarios have 

generally been considered, taking a precautionary route, especially for longer-term 

decisions. Whilst these are designed using integrated assessment models and projections of 

future population and GDP up to 2100, beyond 2100 emissions scenarios are typically 

idealized, for instance continuing 2100 emission levels further into the future or reducing 

emission levels over an arbitrary time frame (O’Neill et al., 2016).  

Further requirements for high-end sea-level rise information comes from those concerned 

with mitigation. Decisions addressing the ultimate objective of the United Nations Framework 

Convention on Climate Change (UNFCC), to “prevent dangerous anthropogenic interference 

with the climate system” (Article 2), require global scale information as well as local or 

regional scale information, as in adaptation. For mitigation, contrasting different emission 

pathways is at the core of the analysis. However, for all scenarios, even if we meet the 

objective of the Paris Agreement to stabilize emissions to meet a climate warming level that 

is “well below 2°C above pre-industrial levels” (Article 2), there is need for knowledge of the 

upper end sea-level rise under these conditions as impacts, while reduced, are still expected 

to require adaptation under all current scenarios. Further sea-level rise is expected to 

continue beyond 2100 for centuries threatening growing impacts and adaptation needs 

(Nicholls and Lowe, 2004). 

Whilst the literature is beginning to systematically report about the sea-level information 

needs of some users and the challenges in satisfying them (Le Cozannet et al., 2017a; 
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Hinkel et al., 2019), this should not be considered a full catalogue. Instead, many needs 

arise in the practitioner community, often on a local scale, and may not be reported or 

assessed in the scientific literature. Thus, our assessment of needs in this paper considers 

both the literature and the wider practical experience of the author team, who has worked on 

a wide variety of coastal adaptation projects at all scales. Increasingly adaptation planners 

are also asked to go beyond local considerations or standard cost-benefit analysis and also 

consider regional to national preferences or other approaches to investment decisions, 

including recognition of deep uncertainty (e.g., Hallegatte et al., 2012; Aerts et al., 2014, 

Haasnoot et al., 2019b). Furthermore, information is also needed at the global scale from the 

mitigation standpoint to understand potential benefits of emission reduction policies in the 

context of reduced sea-level rise and associated impacts and adaptation needs.  

Thus, we recognize that the users of sea-level rise projection information include a wide 

range of global to local stakeholders concerned with social, economic, environmental and 

risk prevention policies applicable in coastal areas. Among these users, those requiring 

high-end scenarios are primarily those recognizing that their management decisions may 

lead to maladaptation traps (Magnan et al., 2017) above a certain amount of sea-level rise 

or sea-level rise rates. For example there is a need to move beyond present approaches, 

such as those used in a disaster risk management approach, which typically assume 

stationary hazard statistics, towards methods that take account of a changing climate. This 

includes the iterative approach to risk management promoted by the IPCC (Jones et al., 

2014) that acknowledges the climate is changing and we need to consider not just changing 

hazard but also changing exposure and vulnerability through a risk management lens 

(Figure 1). Without adaptation, sea-level rise increases flood frequency and reduces time for 

recovery, challenging to local capacities to maintain acceptable safety standards and 

appropriate expectations of economic damages. Here, high-end scenarios can be useful to 

estimate if and when the resilience capacity of each community could be exceeded and what 

choices this raises in terms of adaptation (advance, protect, accommodate, retreat) 

(Nicholls, 2018, Haasnoot et al., 2019a).  

The most obvious needs for high end scenarios emerge from stakeholders with high risk 

aversion (Nicholls et al., 2014; Hinkel et al., 2015; Hinkel et al., 2019), that is, from 

managers of critical infrastructures such as ports, chemical industries or nuclear plants 

(Wilby et al., 2011) or highly exposed and/or vulnerable settlements such as urbanized 

estuaries and coasts or low-lying atolls (Ranger et al., 2013, Nurse et al., 2013). The number 

of potential users of high-end scenarios is probably much larger than previously thought for 

the following reasons:  
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1. Adaptation decisions are not independent and raise questions about the needs, adaptive 

capacity, and degree of risk aversion of neighbors (cf. Nicholls et al., 2013). 

2. There is a lack of empirical literature that has elicited and documented risk preferences 

of coastal users in different social, economic, cultural and ethical contexts (Hinkel et al., 

2019), as has been done in some other fields, such as occupational health and safety 

(e.g., Tchiehe and Gauthier, 2005),  

3. Many users do not initially formulate their requirements in a precise way: their need for 

high-end scenarios only becomes apparent in the process of adaptation as they question 

storylines involving sea level changes above the likely range and those which exceed 

their adaptive capacity.  

As a consequence, there are many potential users of high-end sea level rise scenarios with 

a diverse set of needs and concerns. Further empirical research is needed to map them and, 

ultimately, involve them in the design of appropriate sea-level high-end products. Ongoing 

developments on climate services for adaptation may support this process (Hewitt et al., 

2012; Brasseur and Gallardo, 2016; Le Cozannet et al., 2017a; Vogel et al., 2016).  

3 Why is consensus on high-end scenarios difficult to achieve?  
Despite the need for high-end scenarios and various attempts at producing these, there is 

no consensus in the current sea-level literature on high-end sea-level rise scenarios and the 

methods to be applied to produce them. To understand why there is a lack of consensus, we 

must first recognize that there are several sources of information about potential high-end 

scenarios, together with different approaches to aggregating, integrating, and translating this 

information into actionable science.  

As one possible source of information on high-end sea-level rise, we can use evidence from 

past interglacial periods in the geologic record that experienced warmer polar temperatures 

and higher global mean sea-level (GMSL) than present today (Dutton et al., 2015). 

Specifically, the Mid-Pliocene Warm Period (MPWP; ~3.2 to 3.0 million years ago) and the 

Marine isotope stage 5e (MIS 5e; 129,000-116,000 years ago; the Eemian) both offer useful 

analogues to the future: sea level was much higher during these warmer periods than today, 

whereas global mean temperatures where not very different from present-day.  

Although the MPWP had radiation conditions more comparable to present-day than MIS 5e  

conditions, reconstructions from sea-level proxies remain highly challenging (Raymo et al., 

2011). In contrast, the MIS 5e peak sea level appears better constrained in the range of 6-9 

m above present levels (Kopp et al. 2009). However, the accuracy of the associated polar 

and local temperature change during that period remains problematic (Otto-Bliesner et al., 
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2013, Dahl-Jensen et al., 2013, Landais et al. (2016). Also, the associated uncertainty in the 

mass balance formulation (Helsen et al. 2013) and the role of basal melting in Antarctica, 

possibly implies that ice sheets are more vulnerable for modest changes, though the physics 

are poorly understood. It is therefore unclear whether results are applicable for present-day 

and near future conditions (Horton et al., 2019). So, despite the importance of continued 

studies on past sea level variations, we can conclude that at present these data alone do not 

provide enough constraints on high-end centennial sea-level rise for CO2-driven changes in 

future. 

Another aspect of the problem of estimating high-end sea level projections arises from our 

limited physical understanding. Several physical processes have been suggested to play a 

role in the rapid decay of ice sheets in a warmer climate. If the ice is in contact with the 

ocean, basal melt rates are controlled by water temperature, salinity and flow. 

Measurements of basal melt rates are logistically challenging and only limited data exists, so 

even the geometrical conditions of the cavities around the ice sheet are poorly known. 

Nevertheless, observations suggest that retreat rates are highest in areas where the ice is in 

contact with the ocean (Rignot et al. 2013, Joughin et al. 2014).  

Whether these enhanced melt rates are driven by variability in the ocean temperature or 

long-term trends cannot yet be deciphered given the limited data and length of the 

observational record with respect to the time scales of ocean variability and ice sheet 

response, (Jenkins et al. 2018). Moreover, it is unclear how the ice dynamics respond to a 

changing basal melt rate. If the ice is resting on a reversed bedrock, enhanced basal melt 

rates may trigger an instability mechanism, known as the “Marine Ice Sheet Instability” 

(MISI) (Weertman 1974).  

Since the ice flow in these regions depends on the ice thickness (Schoof, 2007), a retreating 

ice sheet will increase the ice flux to the ocean via a positive feedback. The rate of retreat 

and the possibility of halting the process depends on local conditions. Pinning-points and 

shear stress along the margins (Gudmundsson et al., 2012) may counterbalance the 

increased mass flux and stabilize the ice sheet. At the same time, recent observations in 

West Antarctica suggest that MISI retreat is already occurring in major outlet systems like 

Pine Island and Thwaites glacier (e.g. Mouginot et al. 2014). A complete retreat of these 

basins could result in several meters of sea-level rise due to their large ice volumes. Hence, 

they are critical for assessing high-end sea level projections.  

The rate of retreat of the grounding line and the details of modeling MISI are still debated 

(Pattyn et al., 2012, 2018). This leads to a wide range of estimates of the ice sheet 

contribution to sea level, where a modest grounding line retreat formulation yields 0.1 m in 
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2100 under RCP8.5 (i.e., low SLR contribution), whereas a more aggressive formulation with 

melt beyond the grounding line yields 0.39 m in 2100 (Golledge et al., 2015) (i.e., high SLR 

contribution). Levermann et al. (2014) estimates for the same scenario 0.09 m based on a 

linear response theory including a time delay between oceanic subsurface temperatures and 

atmosphere temperatures and 0.15 m assuming no time delay. Alternative guidance can be 

derived from the current observations in those basins as explored by an ice dynamical study 

by Ritz et al. (2015) for the A1B scenario. 

Beside basal melt rates, ice shelves can be destabilized by a combination of increased 

surface melt initiated by warmer surface temperatures in combination with hydrofracturing 

whereby the water penetrates into the shelves and leads to a rapid disintegration. Examples 

of this combined processes have been observed at Larsen A, B, and C which disintegrated 

in the late 20th/early 21st century (e.g. Rott et al. 1996, Rack et al. 2004). Once the shelves 

are removed, MISI can occur in some regions, leading to rapid retreat and ice loss. Whether 

and when hydrofracturing becomes important is strongly dependent on the surface 

conditions. Trusel et al. (2015) suggested that, for the majority of ice shelves, melt rates are 

too small to generate enough surface melt before the end of the century under RCP4.5 

conditions, but that for RCP8.5 conditions a few ice shelves approach or exceed the 

necessary threshold. However, over longer time scales and higher temperatures, large scale 

hydrofracturing might be initiated. Once ice shelves disappear, ice cliffs may form at some 

locations. These cliffs have a narrow range for which they are stable (Bassis et al. 2012) and 

might lead to a large ice dynamical contribution from Antarctica (Deconto and Pollard 2016).  

Application of DeConto and Pollard (2016), in combination with other processes that 

contribute to sea level rise, provides the basis of many recent probabilistic sea-level rise 

estimates with high values for the upper end of the probability distribution function (e.g. 

LeBars et al. 2017, Kopp et al. 2017). The estimates of DeConto and Pollard (2016), based 

on unusually high surface melt rates combined with hydrofracturing and ice cliff instability, 

lead to a sea-level rise which is considerably higher than all other ice sheet models and this 

is currently heavily disputed (Edwards et al. 2019).  Including ice cliff failure in models is 

currently problematic as there are hardly any observational constraints and as a 

consequence retreat rates of cliffs are highly uncertain. Geological data provide limited 

support (Wise et al. 2017) and retreat rates of ice cliffs in narrow fjords in Greenland may not 

be representative for the wide basins in the Antarctic like the Thwaites glacier.  

Nevertheless, the study by DeConto and Pollard pointed to a potential mechanism of 

significant and rapid retreat of Antarctic ice masses. Its validity is currently debated in the 

community and statistical emulators question the need of the use of ice cliff instability to 
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explain the observational constraints (Edwards et al. 2019). Hence, sea-level projections 

outside the IPCC AR5 likely range derived from a mechanistic process-based approach 

remain impossible before a better understanding is developed of the key processes 

controlling the large uncertainties in ice sheet loss, these being (1) basal melt related to 

warming and/or changes in ocean circulation, (2) hydrofracturing related to warming surface 

conditions on Antarctic ice shelves, and (3) ice cliff instability. We also note that for time 

scales longer than a century, uncertainties in our process understanding increases 

significantly, further complicating the production of high-end sea-level scenarios.  

In the absence of this detailed knowledge of the physical processes, quantified probabilistic 

approaches are being produced and are widely influencing decision-oriented documents 

today, including expert elicitation approaches (e.g., Bamber et al., 2013; 2019, Horton et al., 

2014). This knowledge is being influential in coastal management in the USA and elsewhere 

(Hall et al., 2019; State of California 2018). However over confidence in expert elicitations, 

can imply greater precision in our understanding than is merited and require extensive 

interpretive guidance that can be missing (Behar et al 2017). In particular, issues associated 

with both identification of upper end tails for SLR and probabilistic characterization of those 

tails are currently playing out widely in the United States and elsewhere. As an example, 

projections relying substantially both on Kopp et al (2014) and DeConto and Pollard (2016) 

have multiplied in recent years. Many of these have been provided to local and state 

governments to guide vulnerability assessments and adaptation plans within insufficient 

guidance and dialogue about their meaning and possible interpretation (Hinkel et al., 2015; 

Zheng et al 2017).  

Below we propose a more robust framework to analyze these problems and develop useful 

high-end sea-level scenarios that embraces user risk aversion and encourages debate and 

understanding by the users about uncertainties and level of confidence across all the 

available information on future sea levels. 

4 Framework for high-end sea level scenarios 

To improve how high-end sea level information is developed and communicated in support 

of decision-making, what is needed is an agreed conceptual framework, encompassing 

several alternative approaches of how information about the upper tail can be produced, 

analyzed, and integrated with observations and interpreted for the decision-making context. 

In this context we need to distinguish between five distinct components contributing to the 

generation of sea level information suitable for decision making: (1) future CO2 emissions 

and other climatically active forcing, (2) the regional atmospheric and ocean temperature 

(and other climate parameters) response to those CO2 emissions, (3) the sea level response 
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to those CO2 emissions and temperature changes, (4) the physics of the ice sheet 

contribution (in particular Antarctica), and (5) understanding stakeholders risk-averseness to 

sea-level rise for different purposes, ideally using a co-production approach where user can 

consider both the impacts and available adaptation options. These components combine 

natural and social science inputs to provide appropriate information for policy and decision 

analysis. 

We illustrate this schematically in Fig. 2, which shows several alternative approaches to 

generating high-end sea-level rise information based on diverse conceptualizations of high-

end sea level. Table 1 provides further information on each of the approaches following 

Walker et al. (2003), who describe a continuum of projected futures ranging from very well 

characterized to total ignorance. Until now these distinct conceptualizations of high-end sea 

level have not been significantly recognized in the scientific literature and in the media (van 

der Pol and Hinkel, 2019). However, they differ fundamentally in their meaning and 

implications and should not be confused with each other. Results from one certainly cannot 

be compared quantitatively to that from another, or combined. Below we discuss different 

ways of using this knowledge and propose a pragmatic approach, which makes the most of 

the available physical understanding.  

A first possible approach is given by schematic sea-level rise frequency distributions 

representing CMIP5 RCP scenarios obtained from an ensemble of physics-based coupled 

climate models amended by off-line information about contributions from the cryosphere and 

the solid Earth. These are shown as black bell-shape-like curves. Typically, these 

distribution functions are truncated in their tails due to limited ensemble sizes or, related to 

the high-end tail, limited representation of physical processes involved, such as ice sheet 

dynamics. Nevertheless, they are being used to provide estimates of likely sea level ranges 

and the median values for various RCP scenarios. 

A second possible approach is given by the blue envelope, which, contrary to the first 

approach combines the sea level results emerging from all possible, yet unknown emission 

scenarios (e.g. the CMIP5 RCP scenarios or a wider range of emission) into one single 

frequency distribution, but also to account for natural variability of sea level usually 

estimated by an ensemble of model solutions for each of those forcing functions (e.g., Deser 

et al., 2014, Hu and Deser, 2013). This approach requires providing probabilities for each of 

these individual CO2 emission pathways to occur, a recently emerging field (e.g., Webster et 

al., 2002; Budescu et al., 2009). The utility of this approach has been debated in the climate 

change scientific community and is largely rejected as the blue curve would be highly 

sensitive to the likelihoods attached to individual emission scenarios (Lempert & 



13	

	

 

Schlesinger, 2001; Stirling, 2010). Nevertheless, coastal adaptation decision-making can 

proceed, and does so in practice, without having a single pdf available (Van der Pol and 

Hinkel, 2019).  However, we note that the pdf will change shape over time, not just as we 

learn more about the physical system, but also as the options and preferences for future 

CO2 emission pathways change. 

Circumventing the present difficulty of constructing the blue curve, the most commonly used 

approach towards providing information on high-end sea-level rise is to provide a conditional 

statement about sea-level rise under a defined emission scenario. But even with the full 

probabilistic information for a specific emission scenario, model projections still omit the 

high-end tail of the projected distribution functions (green vertical line), reflecting our limited 

physical understanding, e.g., due to our lack of understanding of ice sheet dynamics, though 

the additional bands including the ice dynamics could be made dependent on the RCP 

scenario and time scale. 

An alternative pragmatic approach, which we advocate, is to develop expert judgment views 

about the upper tail. This approach separates the range of possible sea-level outcomes 

exceeding the likely range into a series of sea-level rise intervals a few tens of cm wide 

(called ‘bands’ hereafter), building on the confidence definitions and lines of evidence 

adopted in the AR5 and more recent literature. Each band can be assessed for the lines of 

evidence that support a possible sea-level rise of the band's magnitude together with the 

respective confidence in this information. Such lines of evidence include physics-based 

models, palaeo-climate evidence, physical constraints, model sensitivity studies, and expert 

judgement interpretation of existing projections. Moving to increasingly higher bands, the 

evidence and agreement among experts for such a rise tends to decline, leading to a decline 

the confidence represented by the grey bands.  

This approach recognizes that we might not have enough information to actually quantify the 

probability of the upper values. Instead we make more use of confidence. The band with the 

highest sea-level rise but lowest confidence could then serve as an upper bound estimate 

for specific practical planning purposes. However, users who are less risk-averse or have 

adaptive management flexibility that allows adaptation approaches to be revised over time 

may choose a lower band, or even stay within the RCP range noting the confidence in the 

highest values tends to be lower. This latter approach represents and builds on the 

evidence-base available to users. It helps users consider the evidence versus their risk 

aversion and hence where they might draw the high-end bound for their specific decision. 

This recognizes that different users have different risk tolerance and therefore different 
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needs (Hinkel et al., 2019) and that the user appropriate high end estimates will differ 

between users.   

Alternatively, one could start from a very high, but physically implausible number (right red 

band, mainly determined by the loss of all land-ice on Earth), and work downwards toward 

the smallest possible physically plausible range by examining tighter constraints, e.g., 

physical limiting arguments on the energy input of the system and/or on rates of change. 

While the former evidence-based approach is expected to be based on projection 

information, the latter approach is based on physical constraints on the system – such as the 

total amount of ice available or possibly the paleo evidence.  

Either way, one ultimately would end with an estimate of a high-end range illustrated by the 

hatched gray area in Fig. 2. We also note that only some lines of evidence have likelihood 

statements. More often, however, this will not be the case because it is an extrapolation of a 

distribution trained on lower values. The gray and red ranges therefore will usually come 

only with confidence statements.  

5 A practical path to consensus on a framework on high-end estimates 

Despite all the existing scientific and practical difficulties in defining or estimating the high-

end sea-level rise, stakeholders have a strong need for information on high-end or upper 

bound sea-level scenarios in support of coastal planning and adaptation, including the 

degree of consensus about this information. In the absence of any solid information, the void 

will be filled with extrapolations, assumptions or guesses, regardless of whether this is 

scientifically sensible or not. In addition, we have noticed a tendency for the highest of high-

end projections to receive disproportionate coverage in print, television, and digital media, 

the most common source of information for decision makers. This information is often 

unaccompanied by presentation of the broader research context, key temporal 

considerations for adaptation planners, or explanation of caveats and limitations.  In this 

context, a careful treatment of high-end sea-level rise, featuring clear criteria of value for 

adaptation planners, is needed.  

Several recently published papers raised awareness on the possible processes contributing 

substantially to sea-level rise. These papers have raised much attention in the media where 

they are often treated as facts, whereas in reality they are only contributing single arguments 

or lines of evidence to an ongoing chain of a scientific debate, which is far from being 

resolved. All these studies are scenario independent and are unspecific on emissions. 

Moreover, relevant processes are highly uncertain, featuring limited observational support. 

Finally, being part of a scientific discourse, the papers usually are not intended and should 



15	

	

 

not, on their own, be used to guide planning and certainly not adaptation investment. As 

such, they do not alone represent actionable science for decision makers, though as 

knowledge and observations evolve, they can first inform lines of evidence or physical limits 

in Figure 2, and as understanding grows more probabilistic approaches. 

Because of the existing confusion about multiple perspectives on high-end scenarios (Fig. 2, 

and Table 1), there needs to be a reconciliation of which approach or combination of 

approaches is most relevant for what purpose and which provides the best scientific support 

to governments, coastal decision-makers, and the public. This requires reconciling the 

multiple perspectives by integrating the best scientific information and guidance to provide a 

consensus on actionable science that can be used by governments and coastal decision-

makers depending on their needs. Such considerations and reconciliations need to consider 

the time-evolution of the system: a 10-50 year prediction (that also has to account for natural 

variability) is different from a 100 year projection (Hinkel et al. 2019) and quite different from 

a multi-century projection (Fig. 3). Within this framework, stakeholder’s understanding of 

high-end scenarios and their relevance to different decisions can improve and become more 

sophisticated, including explicit identification of variable risk tolerance. 

As an example, in the UK an H++ scenario range was used to assist in the analysis of the 

future of flood risk management for London for the next 100+ years (Lowe et al., 2009; 

Nicholls et al., 2014). Importantly, H++ was not linked to any probability but rather was 

considered more pragmatically as a plausible range of policy relevance by risk averse 

decision makers in the context of flexible adaptation and the mean sea-level component 

extended to about 2-m rise by 2100. It has been used in sensitivity testing of flood 

management options and has given confidence in the Thames Estuary 2100 project plans 

for London (Ranger et al., 2013). Further, H++ was applied to nuclear power station design 

on coasts (Wilby et al., 2011). Importantly, the H++ scenario regional upper bound, and the 

high-end probabilistic scenarios extend well beyond the global likely range reported in the 

IPCC AR5 report, since, as explained above, the likely range does not specify an upper 

bound. As an example, the most recent thinking on updating H++ in the UK has been 

informed by user interaction through a process of co-development and acknowledges that a 

single H++ range based on current scientific knowledge might not represent the needs of 

multiple users. Instead, it may be more appropriate for users to follow the approach we 

described in section 4 of this paper and consider the confidence in the evidence for different 

levels of sea-level rise in the upper tail of plausible sea-level rise, relating it to their particular 

level of risk aversion. Users with different levels of risk aversion may choose alternative H++ 

upper bounds depending on their particular application, which is typically influenced by 

national standards and national regulators. Thus, the upper bound of sea-level rise 
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considered for a user planning the development of a nuclear power station and a user 

proposing a farming development near the coast is almost certain to be quite different.   

Katsman et al. (2011) produced a plausible high-end scenario for the Dutch Delta 

Commission for their adaptation program in 2100 and 2200. However, their method was very 

different to H++ as they summed the uncertainties in the components quadratically, 

producing a smaller rise (Le Bars, 2018), but moreover used current observed rates of 

dynamical ice mass loss as their starting point, essentially ruling out the possibility that new 

emerging dynamical processes like Marine Ice Cliff Instability will dominate the Antarctic 

contribution to 2100. The strength was the constraint posed by the observations of ice mass 

loss. The Katsman et al. (2011) approach provided a high-end estimate of about 1 m for 

2100 and 3.5-m for 2200, emphasizing the major challenges low-lying coasts will face 

beyond 2100 without climate mitigation. This in itself points to the fact that high end 

projections cannot be viewed without a specification of the time scale. However, it needs to 

be recognized by (almost) all users that whatever the considered time frame, sea level will 

continue to rise well beyond the end of this time frame (Clark et al., 2016; Nicholls et al., 

2018). This implies we could, instead, present results in such a way that uncertainties are 

being specified in terms of the time a specific rise in sea level occurs, be it 1m, 1.5m or 2m 

or any other user-relevant threshold. The implication for users of sea-level rise information is 

that we can express uncertainty as either a range of sea-level rise at a given year or we can 

present a sea-level threshold and represent uncertainty in the year at which that level might 

be reached. For some users who have an awareness of a vulnerability at a particular 

threshold of sea-level rise this approach would allow them to move beyond the issue of 

whether they will be affected, to one in which they can consider the time-scale over which 

they need to act. We recall that under present climate change conditions eventually sea 

level will rise many meters if no further mitigation actions come into effect. The only 

remaining open question then would be: when? 

Rather than extrapolating observations or using highly parameterized physical processes it 

might be more helpful to characterize the tails of the sea-level projections either with explicit 

conditional statements (lines of evidence) together with upper (plausible) physical bounds, 

thereby acknowledging the increasing uncertainty with increasing range prohibiting a 

likelihood statement as discussed above in the context of Fig. 2. Such a consideration needs 

to be made as a function of time scale considered. In this context we need to consider that, 

regardless of the time scale considered, the largest source of uncertainty currently reside in 

the ice sheet contribution to sea level rise. Our building blocks for the bands of upper 

physical bounds are therefore different ice sheet related processes. According to their time-
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scale they can migrate from being excluded to being included in the high-end estimate as 

lines of evidence multiply/are further developed.  

Turning this into a practical recipe for future high-end sea level estimates, we show in Fig. 3, 

three time frames, each of which will have considerably different considerations for sea-level 

rise. Fig. 3a represents the near-term 10 – 50 year time frame over which the impact of 

different emission scenarios is small (see also Hu and Bates, 2018), resulting in fairly similar 

likely ranges from low and high-end emission scenarios. On 10-50 year time scale the 

Greenland and Antarctic ice sheet contribution maybe larger than estimated (gray-blocks), 

but a collapse of the West-Antarctic ice sheet is not foreseen (red-block) 

Turning to a 100-year time frame (Fig. 3b), these lines of evidence for higher numbers would 

involve (with increasing uncertainty) West-Antarctic ice mass loss, and an East-Antarctic 

collapse. In the opposite direction invoking physical plausibility, significant East-Antarctic ice 

loss would be the least likely contribution, while hydro-fracturing and instability would be the 

physically more plausible upper constraint.   

Going beyond the centennial time-frame to 200 years or more, an RCP 2.6 type emission 

pathway would likely lead to a reduced rate of sea level rise, while a business as usual RCP 

8.5 pathway would result in an increasing rate of rise to above and beyond levels reported 

for the end of the 21st century and would reach several meters of height over coming 

centuries. Lines of evidence for upper bounds would then involve hydro-fracturing and ice 

cliff instability and significant East Antarctic ice loss. Regarding plausibility limits, one would 

need paleo-evidence, most plausible would be orbit parameters that eventually can lead to 

glacial cycles. 

In practice, considering all scenarios in a decision process is not always needed or required, 

implying that building a high-end scenario is combining a climate driven probability 

distribution of sea-level rise, conditional on a given high-end emission scenario (e.g. RCP 

8.5 or higher), combined with one or more building blocks. Above all these simplifications, it 

still would be desirable to better know the shape of a sea level pdf given a specific emission 

scenario. Very likely it will be skewed positively towards large numbers for global averages 

(regionally this can be the opposite, especially along some coastal regions; see, e.g., 

Carson et al., 2015). There is no evidence, however, that the shape of the pdf will remain the 

same for all time scales. Instead it is anticipated that on the decadal time scale a more 

symmetric Gaussian-type distribution is plausible, given that much of the spread is caused 

by natural variability. With increasing time scale, however, more and more feedback 

processes would come into action, eventually possibly leading to significant asymmetries 

with very high upper tails, making use of this information for planning purposes increasingly 
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more difficult. Most individual infrastructure decisions are 100 years or less in timescale, with 

notable exceptions such as nuclear power stations. However, there are longer-term 

implications of individual decisions on say the development of a city or protection of a delta, 

and resulting lock-in for adaptation decisions (e.g., Seijger et al., 2018). These are issues 

that need to be explored with the relevant stakeholders.  

6 Implications and Concluding Remarks. 

Building a shared framework about robust and scientifically sound high-end sea-level rise 

information is extremely important to better support coastal decision makers and 

stakeholders. This is especially true for risk-averse stakeholders who need this information 

to plan long-term coastal adaptation responses. Such information also bears important 

implications for mitigation targets as recognized in the recent IPCC special report on a 1.5°C 

global warming (Hoegh-Guldberg et al. 2018) quantifying the reduced risk in terms of sea-

level rise for a 1.5°C warming as compared to a 2°C warming. Clearly this does not address 

the high-end sea-level rise projections which are associated more with RCP8.5 rather than 

the RCP2.6 scenario type of studies in SR1.5 (Hoegh-Guldberg et al. 2018).   

To provide a robust consensus about high-end sea-level rise information, a solid and agreed 

conceptual framework is essential to provide a scientifically rigorous presentation of the 

information, which also allows the risk aversion of diverse users to be considered. Such a 

framework cannot be based simply on expert elicitation or on the latest studies. Instead it 

needs to be timeframe- and emission-scenario- specific, and it also needs to go beyond 

previous IPCC considerations on the likely range for sea-level rise projections and consider 

the nature of developing lines of evidence. It can be established by moving toward 

information about the upper tail of the underlying sea-level rise distribution function, 

considering all relevant physical mechanisms including natural climate variability, and also 

all possible emission scenarios. In addition, this framework should distinguish between 

widely accepted high end projections and those still considered experimental, and therefore 

not yet actionable, science. Finally, this framework needs to consider time scale.  

As a step in this direction we proposed here to use available information about the upper tail 

of the sea-level rise through the combined use of explicit conditional statements (lines of 

evidence) with upper (plausible) physical bounds, thereby acknowledging the increasing 

uncertainty with increasing time scale. The limited knowledge implies that a likelihood 

statement is not possible.  

Pursuing such an approach could link previous IPCC-based information with Coastal 

Climate Services by informing users as to how to translate IPCC global and regional 
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information into local user requirements. To provide such sea-level related climate services 

and to help stakeholders using new emerging sea-level science results to maximum 

effectiveness calls for greater international co-operation and co-production (i.e., integrating 

science with user needs) to develop sea-level change climate services. Such an approach 

will help users to apply information about sea-level rise in practice, and will better inform the 

science community about these needs. The important role of social science research to 

better frame decision needs is also apparent and this effort must be truly interdisciplinary to 

succeed. 

Acknowledgements 

The authors thank Robert Kopp and an anonymous reviewer for their detailed comments 

that helped improving the manuscript. This paper is a contribution to the Grand Challenge of 

Regional Sea level change and coastal impacts of the World Climate Research Programme. 

The content emerged from a workshop on high-end sea level scenarios, held in Hamburg 

during September 2017 with partial support of the DFG-funded Excellence Cluster CliSAP of 

the University Hamburg and of the DFG SPP 1889 on Sea Level Change and Society.  RW 

acknowledges the ALW-NPP program of NWO for financial support. JC was partially 

supported by the Centre for Southern Hemisphere Oceans Research, a joint research centre 

between QNLM and CSIRO. BPH acknowledges the funding from Singapore Ministry of 

Education Academic Research Fund Tier 2 MOE218-T2-1-030. GLC acknowledges 

ERA4CS support (Grant 690462). No data are being used in this paper that would need to 

be made available.  

  



20	

	

 

References 

Aerts, J.C. J. H. , W. J. W. Botzen, K. Emanuel, N. Lin, H. de Moel, E. O. Michel-Kerjan 

(2014) Evaluating Flood Resilience Strategies for Coastal Megacities, Science, 344, 473-

475, DOI: 10.1126/science.1248222 

Barth M.C., and J.G. Titus, 1984. Greenhouse Effect and Sea Level Rise: A Challenge for 

this Generation. Van Nostrand Reinhold, New York, 324pp.  

Bassis, J., and C. Walker, 2012. Upper and lower limits on the stability of calving glaciers 

from the yield strength envelope of ice. In: Proc. R. Soc. A, The Royal Society, 468, 913-

931. 

Behar, D; R. Kopp, R. DeConto, C. Weaver, K. White, K. May, and R. Bindschadler. 

Consensus Statements: Planning for Sea Level Rise: An AGU Talk in the Form of a Co-

Production Experiment Exploring Recent Science.  December 2017 (unpublished) 

Brasseur, G.P.; Gallardo, 2016. L. Climate services: Lessons learned and future 

prospects. Earths Future, 4, 79–89. 

Bruun, P., 1962. Sea-Level Rise as a Cause of Shore Erosion. Journal of the Waterways 

and Harbors Division, ASCE, 88, 117-132. 

Budescu, D., S. Broomell, and H.-H. Por, 2009. Improving Communication of Uncertainty in 

the Reports of the Intergovernmental Panel on Climate Change. Psychological science. 

20. 299-308. 10.1111/j.1467-9280.2009.02284.x. 

Church, J. A., et al., 2013. Sea Level Change.  In: Climate Change 2013. The Physical 

Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the 

Intergovernmental Panel on Climate Change Cambridge University Press, Cambridge, 

United Kingdom and New York, NY, USA. 

Church, J.A., Clark, P.U., Cazenave, A., Gregory, J.M., Jevrejeva, S., Levermann, A., 

Merrifield, M.A., Milne, G.A., Nerem, R.S., Nunn, P.D. and Payne, A.J., 2013. Sea-level 

rise by 2100. Science, 342(6165), pp.1445-1445. 

Clark P.U., J.D. Shakun, S.A. Marcott, A.C. Mix, M. Eby, S. Kulp, A. Levermann, G.A. Milne, 

P.L. Pfister, B.D. Santer, D.P. Schrag, S. Solomon, T.F. Stocker, B.H. Strauss, A.J. 

Weaver, R. Winkelmann, D. Archer, E. Bard, A. Goldner, K. Lambeck, R.T. 

Pierrehumbert, G-K Plattner, 2016. Consequences of twenty-first-century policy for multi-

millennial climate and sea- level change. Nat Clim Change, doi:10.1038/nclimate2923. 



21	

	

 

Dahl-Jensen, D. et al., 2013. Eemian interglacial reconstructed from a Greenland folded ice 

core. Nature 493, 489. 

De Boer, B., et al., 2017. The Transient Response of Ice Volume to Orbital Forcing During 

the Warm Late Pliocene. Geophysical Research Letters, n/a-n/a, 

doi:10.1002/2017GL073535 

DeConto, R.M., & Pollard, D.. 2016. Contribution of Antarctica to past and future sea-level 

rise. Nature, 531(7596), 591-597. 

De Winter, R. C., Reerink, T. J., Slangen, A., De Vries, H., Edwards, T. L., & Van De Wal, R. 

S., 2017. Impact of asymmetric uncertainties in ice sheet dynamics on regional sea level 

projections. Natural Hazards and Earth System Sciences, 17(12), 2125-2141. 

Dutton, A and Lambeck, K., 2012. Ice volume and sea level during the Last Interglacial. 

Science 337, 216. 

Dutton, A., et al., 2015. Sea-level rise due to polar ice-sheet mass loss during past warm 

periods. Science, 349 (6244). 

Edwards TL, et al., 2019. Revisiting Antarctic ice loss due to marine ice cliff instability, 

Nature, 566(7742):58-64. doi: 10.1038/s41586-019-0901-4.  

Garcin, M., VM. endé-Leclerc, P. Maurizot,, G. Le Cozannet, B. Robineau, and  A. Nicolae-

Lerma, 2016. Lagoon islets as indicators of recent environmental changes in the South 

Pacific–The New Caledonian example. Continental Shelf Research, 122, 120-140 

Garner, A. J., J.L. Weiss, A. Parris, R.E. Kopp, R.M. Horton, J.T. Overpeck, and  B.P.  

Horton, 2018. Evolution of 21st century sea level rise projections. Earth's Future, 6(11), 

1603-1615. 

Gilbert, R. and S. Horner, 1984. The Thames Barrier, Thomas Telford, London, 182pp. 

Golledge, N. R., et al., 2015. The multi-millennial Antarctic commitment to future sea-level 

rise. Nature, 526 (7573), 421-425. 

Gudmundsson, G., et al., 2012. The stability of grounding lines on retrograde slopes. The 

Cryosphere, 6, 1497-1505. 

Haasnoot, M., S. Brown, P. Scussolini, J.A. Scussolini, A. Vafeidis, and R. Nicholls, 

2019a. Generic adaptation pathways for coastal archetypes under uncertain sea-level 

rise. Environmental Research Communications. DOI: 10.1088/2515-7620/ab1871 



22	

	

 

Haasnoot M., A. Warren, J.H. Kwakkel J.H., 2019b. Dynamic Adaptive Policy Pathways 

(DAPP). In: Marchau V., Walker W., Bloemen P., Popper S. (eds) Decision Making under 

Deep Uncertainty. Springer, Cham 

 

Hall, J.A., C.P. Weaver, J. Obeysekera, M. Crowell, R. M. Horton, R. E. Kopp, J. 

Marburger, D. C. Marcy, A. Parris, W.V. Sweet, W.C. Veatch and K.D. White, 2019. 

Rising Sea Levels: Helping Decision-Makers Confront the Inevitable. Coastal 

Management  47, p. 127-150. 

Hallegatte, S., A. Shah, R. Lempert, C. Brown, S. Gill, 2012. Investment Decision Making 

Under Deep Uncertainty Application to Climate Change. World Bank, Policy Research 

Working Paper 6193, Washington DC 

Hanson, H., A. Brampton, M. Capobianco, H.H.  Dette, L. Hamm, C. Laustrup, A. Lechuga, 

R. Spanhoff,  2002. Beach nourishment projects, practices and objectives—a European 

overview. Coastal Engineering, 47, 81–111. 

Haywood, A. M., H. J. Dowsett and A. M. Dolan, 2016. Integrating geological archives and 

climate models for the mid-Pliocene warm period. Nature Communications, 7, 

doi:10.1038/ncomms10646. 

Helsen, M. M., et al., 2013. Coupled regional climate and ice-sheet simulation shows limited 

Greenland ice loss during the Eemian. Clim. Past, 9 (4), 1773-1788, doi:10.5194/cp-9-

1773-2013. 

Hewitt, C., S. Mason, D.  Walland, 2012. Commentary: The global framework for climate 

services. Nat. Clim. Chang. 2, 831–832. 

Hinkel, J., C. Jaeger, R.J.  Nicholls, J. Lowe, J., O. Renn, and P.J.  Shi,, 2015. Sea-level rise 

scenarios and coastal risk management. Nat. Clim. Chang. 5, 188–190. 

Hinkel, J., G. Le Cozannet, J. Lowe, J. Gregory, E. Lambert, K. McInnes, R. Nicholls, J. 

Church, T. van der Pol, and R. van de Wal, 2019. Meeting user needs for sea-level rise 

information: a decision analysis perspective.  Earth's Future, 7(3), 320-337. DOI: 

10.1029/2018EF001071 

Hoegh-Guldberg, O., D. Jacob, M. Taylor, M. Bindi, S. Brown, I. Camilloni, A. Diedhiou, R. 

Djalante, K. Ebi, F. Engelbrecht, J. Guiot, Y. Hijioka, S. Mehrotra, A. Payne, S. I. 

Seneviratne, A. Thomas, R. Warren, G. Zhou, 2018. Impacts of 1.5°C Global Warming on 

Natural and Human Systems. In: Global warming of 1.5°C. An IPCC Special Report on 

the impacts of global warming of 1.5°C above pre-industrial levels and related global 



23	

	

 

greenhouse gas emission pathways, in the context of strengthening the global response 

to the threat of climate change, sustainable development, and efforts to eradicate poverty 

[V. Masson-Delmotte, P. Zhai, H. O. Pörtner, D. Roberts, J. Skea, P.R. Shukla, A. Pirani, 

W. Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J. B. R. Matthews, Y. Chen, X. 

Zhou, M. I. Gomis, E. Lonnoy, T. Maycock, M. Tignor, T. Waterfield (eds.)]. 

Horton, B.P., Rahmstorf, S., Engelhart, S.E. and Kemp, A.C., 2014. Expert assessment of 

sea-level rise by AD 2100 and AD 2300. Quaternary Science Reviews, 84, 1–6. 

Horton, B. P., R.E. Kopp, A.J. Garner, C.C. Hay, N.S. Khan, K. Roy, and T.A. Shaw, 2018. 

Mapping sea-level change in time, space, and probability. Annual Review of Environment 

and Resources, 43, 481-521. 

Horton, B.P., Kopp, R.E., Dutton, A., and Shaw, T.A., 2019. Geological records of past sea-

level changes as constraints for future projections. PAGES, 27, doi.org/10.22498. 

Hunter, J., 2012. A simple technique for estimating an allowance for uncertain sealevel rise. 

Clim. Change, 113, 239–252. 

IPCC, 2018: Global Warming of 1.5°C. An IPCC Special Report on the impacts of global 

warming of 1.5°C above pre-industrial levels and related global greenhouse gas emission 

pathways, in the context of strengthening the global response to the threat of climate 

change, sustainable development, and efforts to eradicate poverty [V. Masson-Delmotte, 

P. Zhai, H. O. Pörtner, D. Roberts, J. Skea, P.R. Shukla, A. Pirani, W. Moufouma-Okia, 

C. Péan, R. Pidcock, S. Connors, J. B. R. Matthews, Y. Chen, X. Zhou, M. I. Gomis, E. 

Lonnoy, T. Maycock, M. Tignor, T. Water eld (eds.)]. In Press.  

Jevrejeva, S., A. Grinsted,  and J.C. Moore, 2014. Upper limit for sea level projections by 

2100. Environmental Research Letters, 9(10), p.104008. 

Jackson, L. P., and S. Jevrejeva, 2016. A probabilistic approach to 21st century regional 

sea-level projections using RCP and High-end scenarios. Global and Planetary Change 

146, 179-189. 

Jenkins, A. et al., 2018. West Antarctic Ice Sheet retreat in the Amundsen Sea driven by 

decadal oceanic variability. Nature Geoscience, 11, pages733–738 

Jones, R.N., A. Patwardhan, S.J. Cohen, S. Dessai, A. Lammel, R.J. Lempert, M.M.Q. 

Mirza, and H. von Storch, 2014. Foundations for decision making. In: Climate Change 

2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. 

Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental 

Panel on Climate Change [Field, C.B., V.R. Barros, D.J. Dokken, K.J. Mach, M.D. 

Mastrandrea, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, 



24	

	

 

E.S. Kissel, A.N. Levy, S. MacCracken, P.R. Mastrandrea, and L.L.White (eds.)]. 

Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, pp. 

195-228. 

Joughin, I., B.E. Smith and B. Medley, 2014. Marine ice sheet collapse potentially under way 

for the thwaites glacier basin, West Antarctica. Science, 344 (6185), 735-738, 

doi:10.1126/science.1249055. 

Jouzel, J. et al., 2007. Orbital and Millennial Antarctic Climate Variability over the Past 

800,000 Years. Science 317, 793. 

Katsman, C. A., A. Sterl, J.J. Beersma, H.W. Van den Brink, J.A. Church, W. Hazeleger, ... 

and J. Lowe, 2011. Exploring high-end scenarios for local sea level rise to develop flood 

protection strategies for a low-lying delta—the Netherlands as an example. Climatic 

change, 109(3-4), 617-645. https://doi.org/10.1007/s1058401100375 

Khan, N S, E. Ashe, T.A. Shaw, M. Vacchi, J. Walker, W.R. Peltier, R.E. Kopp, and B.P. 

Horton, 2015. Holocene Relative Sea-Level Changes from Near-, Intermediate-, and Far-

Field Locations, Curr Clim Change Rep., 1:247. 

Kopp, R.E., et al. 2009. Probabilistic assessment of sea level during the last interglacial 

stage. Nature 462, 863.. 

Kopp, R.E., et al. Temperature-driven global sea-level variability in the Common Era. 

Proceedings of the National Academy of Sciences, 113, 1434–1441 (2016). 

Lempert, R., and M. Schlesinger, 2001. Climate-change strategy needs to be robust. 

NATURE, 412(6845), 375. https://doi.org/10.1038/35086617 

Landais, A., V. Masson-Delmotte, E. Capron, P.M. Langebroek, P. Bakker, E.J. Stone, N. 

Merz, C.C. Raible, H. Fischer, A. Orsi, F. Prié, B. Vinther, and D. Dahl-Jensen, 2016. 

How warm was Greenland during the last interglacial period? Climate of the Past, 12 (9), 

1933-1948, doi:10.5194/cp-12-1933-2016. 

Le Bars, D., S. Drijfhout and H. De Vries, 2017. A high-end sea level rise probabilistic 

projection including rapid Antarctic ice sheet mass loss. Environmental Research Letters, 

12 (4), doi:10.1088/1748-9326/aa6512. 

Le Cozannet, G., R.J. Nicholls, J. Hinkel, W.V. Sweet, K.L. McInnes, R.S.W. Van de Wal, 

and K.D. White, 2017a. Sea Level Change and Coastal Climate Services: The Way 

Forward. Journal of Marine Science and Engineering, 5(4), 49. 



25	

	

 

Le Cozannet, G., J.C. Manceau, and J. Rohmer, 2017b. Bounding probabilistic sea-level 

projections within the framework of the possibility theory. Environmental Research 

Letters, 12(1), 014012. 

Levermann, A. et al, 2013. The multimillennial sea-level commitment of global warming. 

Proc. Natl Acad. Sci. USA 110, 13745–13750. 

Liu, Z. et al., 2014. The Holocene temperature conundrum. Proceedings of the National 

Academy of Sciences 111, E3501. 

Lowe, J. A., T.P. Howard, A. Pardaens, J. Tinker, J. Holt, S. Wakelin,  et al.,2009. UK 

climate projections science report: Marine and coastal projections. UK: Met Office Hadley 

Centre and Exeter. 

Magnan, A.K., E.L.F. Schipper, M. Burkett, S. Bharwani, I. Burton, S.Eriksen, F. Gemenne, 

J. Schaar, and G. Ziervogel, 2016. Addressing the risk of maladaptation to climate 

change. Wiley Interdiscip. Rev.-Clim. Chang. 7, 646–665. 

Marcott, S. A. et al., 2013. Reconstruction of Regional and Global Temperature for the Past 

11,300 Years. Science 339, 1198. 

Martínez-Botí, M., et al., 2015. Plio-Pleistocene climate sensitivity evaluated using high-

resolution CO2 records. Nature, 518 (7537), 49-54. 

Mastrandrea M, C.B. Field, T.F. Stocker, O. Edenhofer, K.L. Ebi, D.J. Frame, and G.K. 

Plattner, 2010. Guidance Note for Lead Authors of the IPCC 5th Assessment Report on 

Consistent Treatment of Uncertainties  

MEDDTL, 2011 : Ministère de L’Ecologie, du Développement Durable, des Transports et du 

Logement (MEDDTL). Circulaire du 27 Juillet 2011 Relative à la Prise en Compte du 

Risque de Submersion Marine Dans les Plans de Prévention des Risques Naturels 

Littoraux, 2011. Available online: http://www.bulletin-officiel.developpement-

durable.gouv.fr/fiches/BO201115/met_20110015_0100_0021.pdf(accessed on 7 January 

2019). 

Mercer, J.H., 1978, West Antarctic Ice Sheet and CO2 Greenhouse Effect. Threat of 

Disaster. Nature, 271, 321-325. 

Mouginot, J., E. Rignot and B. Scheuchl, 2014. Sustained increase in ice discharge from the 

Amundsen Sea Embayment, West Antarctica, from 1973 to 2013. Geophysical Research 

Letters, 41 (5), 1576-1584. 



26	

	

 

Nicholls, R.J., S. E. Hanson, J. A. Lowe, R. A. Warrick, X. Lu, and A.J. Long, 2014. Sea 

level scenarios for evaluating coastal impacts. Wiley Interdisciplinary Reviews: Climate 

Change 5, no. 1, 129-150. 

Nicholls, R.J., and J.A. Lowe, 2004. Benefits of mitigation of climate change for coastal 

areas. Global Environmental. Change, 14, 229–244. 

Nicholls, R.J., Townend, I.H., Bradbury, A., Ramsbottom, D., and Day, S., 2013. Planning for 

long-term coastal change: experiences from England and Wales. Ocean Engineering, 71, 

3-16. DOI: 10.1016/j.oceaneng.2013.01.025 

Nicholls RJ, Brown S, Goodwin P, Wahl T, Lowe J, Solan M, Godbold JA, Haigh ID, Lincke 

D, Hinkel J, Wolff C, Merkens J-L, 2018: Stabilization of global temperature at 1.5°C and 

2.0°C: implications for coastal areas. Phil. Trans. R. Soc. A 376:20160448. 

Nicholls, R.J., 2018. Adapting to Sea-Level Rise. In Zommers, Z. and Alverson, K. (eds.) 

Resilience: The Science of Adaptation to Climate Change, Elsevier, Pages pp. 13-29. 

National Research Council; Committee on Engineering Implications of Changes in Relative 

Mean Sea Level; Marine Board; Commission on Engineering and Technical 

Systems. Responding to Changes in Sea Level, Engineering Implications; National 

Academy Press: Washington, DC, USA, 1987; Available online: 

http://www.nap.edu/catalog.php?record_id=1006 (accessed on 10 October 2017). 

Nurse, L.A., R.F. McLean, J. Agard, L.P. Briguglio, V. Duvat-Magnan, N. Pelesikoti, E. 

Tompkins, and A.  Webb, 2014. Small islands. In Climate Change 2014: Impacts, 

Adaptation, and Vulnerability; Part B: Regional Aspects; Contribution of Working Group II 

to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change; 

Barros, V.R., Field, C.B., Dokken, D.J., Mastrandrea, M.D., Mach, K.J., Bilir, T.E., 

Chatterjee, M., Ebi, K.L., Estrada, Y.O., Genova, R.C., et al., Eds.; Cambridge University 

Press: Cambridge, UK; New York, NY, USA, 1613–1654. 

O’Brien, C.L., et al., 2014. High sea surface temperatures in tropical warm pools during the 

Pliocene. Nature Geoscience, 7 (8), 606-611. 

O'Neill, B. C., C. Tebaldi, D.P. van Vuuren, V. Eyring, P. Friedlingstein, G. Hurtt, R.  Knutti, 

E. Kriegler, J-F Lamarque, J. Lowe, G.A. Meehl, R. Moss, K. Riahi, and B.M. Sanderson, 

2016. The Scenario Model Intercomparison Project (ScenarioMIP) for CMIP6, Geosci. 

Model Dev., 9, 3461-3482, https://doi.org/10.5194/gmd-9-3461-2016. 

 Otto-Bliesner, B. et al., 2013. How warm was the last interglacial? New model–data 

comparisons. Philosophical Transactions of the Royal Society A 371, 20130097. 



27	

	

 

Pattyn, F., et al., 2012: Results of the marine ice sheet model intercomparison project, 

MISMIP. The Cryosphere, 6 (3), 573-588. 

Pattyn, F., 2018. The paradigm shift in Antarctic ice sheet modelling. Nature 

communications, 9(1), 2728. 

Poumadère, M., C. Mays, G. Pfeifle, and A.T. Vafeidis, 2008. Worst case scenario as 

stakeholder decision support: a 5-to 6-m sea level rise in the Rhone delta, 

France. Climatic Change, 91(1-2), 123. 

Rahmstorf, S.A., 2007. semi-empirical approach to projecting future sea-level 

rise. Science, 315(5810), 368-370. 

Rack, W. and H. Rott, 2004. Pattern of retreat and disintegration of Larsen B ice shelf, 

Antarctic Peninsula , Annals of glaciology, 39, 505-510  

Ranger, N., T. Reeder, J. Lowe, 2013. Addressing ‘deep’ uncertainty over long-term climate 

in major infrastructure projects: Four innovations of the Thames Estuary 2100 

Project. EURO J. Decis. Process., 1, 233–262.  

Raymo, M.E., et al., 2011. Departures from eustasy in Pliocene sea-level records. Nature 

Geoscience 4, 328. 

Rignot, E., et al., 2014. Widespread, rapid grounding line retreat of Pine Island, Thwaites, 

Smith, and Kohler glaciers, West Antarctica, from 1992 to 2011. Geophysical Research 

Letters, 41 (10), 3502-3509, doi:10.1002/2014GL060140. 

Ritz, C., et al., 2015. Potential sea-level rise from Antarctic ice-sheet instability constrained 

by observations. Nature, 528 (7580), 115-118. 

Rott, H., P. Skvarca and T. Nagler, 1996. Rapid collapse of northern Larsen Ice Shelf, 

Antarctica. Science, 271,(5250), 788–792. 

Rovere, A., et al., 2014. The Mid-Pliocene sea-level conundrum: Glacial isostasy, eustasy 

and dynamic topography. Earth and Planetary Science Letters, 387 (Supplement C), 27-

33, doi:https://doi.org/10.1016/j.epsl.2013.10.030. 

Seijger, C., G.J. Ellen, S. Janssen, E. Verheijen, And G. Erkens, 2018. Sinking deltas: 

trapped in a dual lock-in of technology and institutions. Prometheus, 35, 193-213. 

Schoof, C., 2007. Ice sheet grounding line dynamics: Steady states, stability, and hysteresis. 

Journal of Geophysical Research: Earth Surface, 112 (F3), n/a-n/a, 

doi:10.1029/2006JF000664. 



28	

	

 

Sriver R.L., R.J. Lempert, P. Wikman-Svahn, K. and Keller, 2018. Characterizing uncertain 

sea-level rise projections to support investment decisions. PLoS ONE 13(2): e0190641. 

https://doi.org/10.1371/journal.pone.0190641 

State of California Sea-Level Rise Guidance, 2018 Update. California Natural Resources 

Agency, California Ocean Protection Council. 2018.  

http://www.opc.ca.gov/webmaster/ftp/pdf/agenda_items/20180314/Item3_Exhibit-

A_OPC_SLR_Guidance-rd3.pdf  

Stirling, A., 2010. Keep it complex. Nature, 468(7327), 1029–1031. 
https://doi.org/10.1038/4681029a 

Tchiehe, D.N., and F. Gauthier, 2017. Classification of risk acceptability and risk tolerability 

factors in occupational health and safety. Safety science, 92, 138-147. 

Tessler, Z.D., C.J. Vörösmarty, I. Overeem, J.P.M. Syvitski, 2018. A model of water and 

sediment balance as determinants of relative sea-level rise in contemporary and future 

deltas. Geomorphology, 305, 209–220 

Thoresen, C. A., 2014. Port Designers Handbook, Third Edition. Institution of Civil Engineers 

(ICE), London, UK 

Trusel, L. D. et al., 2015. Divergent trajectories of Antarctic surface melt under two twenty-
first-century climate scenarios. 8, 927, doi:10.1038/ngeo2563 

Van der Pol, T., J. Hinkel, 2019. Uncertainty Representations of Mean Sea-Level Change: A 

Telephone Game? Climatic Change, 152 (3-4), 393-411, doi:10.1007/s10584-018-2359-

z. 

Vogel, J., E. McNie, D. Behar, 2016. Co-producing actionable science for water utilities. 

Climate Services 2-3, 30-40. 

Walker, W. E., P. Harremoës, J. Rotmans, J.P. van der Sluijs, M.BA van Asselt, P. Janssen, 

and M.P. Krayer von Krauss, 2003. Defining uncertainty: a conceptual basis for 

uncertainty management in model-based decision support. Integrated assessment 4, no. 

1, 5-17. 

Walker, W.E., R.J. Lempert, J.H. Kwakkel, 2013. Uncertainty in Model-Based Decision 

Support.  Presented at First Workshop on Decision-Making Under Deep Uncertainty, 

Washington, DC 5-6 Nov 2013. 

Wang, B., S. Chen, K. Zhang, and J. Shen, 1995. Potential Impacts of Sea-Level Rise on 

the Shanghai Area, Journal of Coastal Research, Special Issue 14, 151-166. 



29	

	

 

Webster, M.D., M. Babiker, M. Mayer, J.M. Reilly, J. Harnisch, M.C. Sarofim, M, and C. 

Wang, 2002, Uncertainty in Emissions Projections for Climate Models, Atmos. Environ. 

36(22), 3659–3670. 

Weertman, J., 1974. Stability of the junction of an ice sheet and an ice shelf. Journal of 

Glaciology, 13 (67), 3-11. 

Weggel, R.J., 1979. Long-term erosion rates forma long-term rise in water level. Coastal 

Engineering Technical Aid No. 79-2, May 1979.USArmy Corps of Engineers Coastal 

Engineering Research Center, Fort Belvoir, VA. 

Wilby, R.L., R.J. Nicholls, R. Warren, H.S. Wheater, D. Clarke, 2011. Dawson, R.J. Keeping 

nuclear and other coastal sites safe from climate change. Proc. Inst. Civ. Eng.-Civ. 

Eng. 164, 129–136. 

Wise, M. G., J. A. Dowdeswell, M. Jakobsson and R. D. Larter, 2017. Evidence of marine 

ice-cliff instability in Pine Island Bay from iceberg-keel plough marks. Nature, 550 (7677), 

506-510, doi:10.1038/nature24458. 

Zheng, K. and D. Behar, 2017. Study on the Use of Probabilistic Projections of Sea Level 

Rise in State of the Science Reports in the United States.  (unpublished report). 

  



30	

	

 

Level of uncertainty 
considered (after 
Walker et al. 2003) 

Examples in the area of sea-
level rise 

Related approaches to select 
high-end sea-level scenario 
(see section 3) 

Comment on existing high-end 
scenarios (see section 3) 

Determinism 
(assuming no 
uncertainties) 

Single fixed sea level allowance, for 
use in design guidance and codes 
(e.g., French regulatory 60cm sea-
level rise scenario for 2100 
(MEDDTL, 2011), and port design 
guidance (Thoresen, 2014). 

Not applicable: this approach neglects uncertainties in sea-level projections 
and therefore does not consider high-end change.  

Statistical 
uncertainties (can be 
adequately described 
in statistical terms) 

Probabilistic sea-level predictions, 
independent from external 
assumptions such as RCP scenarios 
(see Figure 2). (note that there are 
no known example of such 
predictions in the current published 
literature (Hinkel et al., 2018)). 

High-end scenarios based on the 
selection of thresholds in the upper 
tail of probabilistic sea-level 
prediction  (e.g., 0.1%, 1%, 5%.) 
(e.g., see method in Jevrejeva et al., 
2014). 

The upper tail of the distributions are 
currently considered too poorly 
constrained to define precise high-end 
scenarios (Horton et al., 2018; Le 
Cozannet et al., 2017b).  

Existing probabilistic projections do 
not yet combine all RCP scenarios 
(see Figure 2).  

Scenario 
uncertainties 
(depend on 
fundamental 
uncertainties external 
to the system 
considered, such as 
human policies and 
environmental 
changes) 

Alternative futures described by 
probabilistic projection and 
conditioned to RCP scenarios  (e.g., 
Kopp et al., 2014; Jackson and 
Jevrejeva, 2016; De Winter et al., 
2017; Kopp et al., 2017; Garner et 
al., 2018). 

High-end scenarios provided in a 
probabilistic form, and assuming high 
greenhouse gas emissions and ice 
contributions  (Jackson and 
Jevrejeva, 2016; Le Bars et al., 
2017)  

High-end scenarios based on the 
selection of thresholds in the upper 
tail of a probability distribution 
conditioned to RCP8.5 (e.g.,: 
Jevrejeva et al., 2014) 

See above: probabilistic projections 
provide some basis to estimate the 
most likely scenarios but there is 
limited confidence in higher quantiles 
(Horton et al., 2018; Le Cozannet et 
al., 2017a). 

It is unsure that RCP8.5 is the most 
appropriate assumption for defining 
high-end scenarios applicable for 
coastal adaptation (e.g., Hinkel et al., 
2018). 

Need for research in the area of ice-
sheet melting modeling to better 
evaluate the plausibility of different 
ice-sheet melting mechanisms at 
various time horizons (see section 3). 

Sea-level change scenarios 
exploring a limited number of 
greenhouse gas emissions and land 
ice contributions. 

High-end scenarios provided as 
single values or intervals, based on 
the sum of the various sea-level 
contributions (NRC, 1987; Katsman 
et al., 2011). 

Recognized 
ignorance (known 
unknowns) 

Sea-level scenarios considering 
quantifications of lower and upper 
limits for future sea-level changes.  

Extra-probabilistic sea-level 
projections (e.g., likely range of 
Church et al., 2013) based on 
several different system models.  

 

Scenarios beyond the likely range, 
but remaining within physical 
constraints (e.g., limits to land ice 
melting kinematics (Pfeffer et al., 
2008) and/or assuming sustained or 
acceleration of ground subsidence 
(Wang et al., 1995). 

Scenarios considering diverse lines 
of evidences, eventually exceeding 
current estimates of physical 
constraints (e.g., H++ scenarios, 
Wilby et al., 2011; Ranger et al., 
2013; Nicholls et al., 2014)  

Need for research in the area of ice-
sheet melting modeling to better 
evaluate the maximum contributions of 
ice-sheets mechanisms at various 
time horizons (see section 3). 

Total ignorance 
(unknown unknowns) 

Sea-level scenarios not considered possible today, but which could be considered possible in the future if new 
physical processes are discovered (e.g., 5-6m sea-level rise scenarios by 2100 considered in Keller et al. (2008) “in 
an adaptation “thought” experiment.  

Lack strong basis to explore this level of uncertainty in a systematic way (Walker et al., 2003) 

Table 1: Approaches to select high-end sea-level scenarios as a function of the level of 

uncertainty considered following the approach of Walker et al. (2013). 
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Figure 1: Schematic of an iterative coastal adaptation approach (Adapted from IPCC, 2013, 

Jones et al., 2014) which is an iterative process, which updates adaptation measures and 

strategies over time (see AR5 WG2 Ch2 

https://www.ipcc.ch/site/assets/uploads/2018/02/WGIIAR5-Chap2_FINAL.pdf) 
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Figure 2: Multiple concepts of high-end sea-level. The x-axis is the amount of sea-level rise 

for a given time-interval. In the vertical the figure displays the probability density. The blue 

curve represents a combined pdf for all possible emission scenarios. The grey and red 

building blocks have to be added to the RCP curves depending on the risk aversion of the 

users. The hatched vertical bar represents the range in which the high-end is being 

expected to reside for a particular stakeholder. The distinction between gray and red building 

blocks is lines of evidence vs physical implausibility.  
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Fig. 3: Concepts of sea-level rise as a function of time scale. (a) Decadal to multi-decadal 

time scale for which natural variability is a significant factor. (b) 100-year time scale 

equivalent to the 100-yr projection discussed in AR5 (Church et al, 2013). (c) 200+ year time 

scale. The building blocks might shift from red to gray if the time scale of interest gets 

longer. The distinction between gray and red building blocks is lines of evidence vs physical 

implausibility as a function of time scale.  

 


