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Coastal areas are highly diverse, ecologically rich, regions of key socio-economic activity, and are particularly sensitive to sea-level change. Over most of the 20th century, global mean sea level has risen mainly due to warming and subsequent expansion of the upper ocean layers as well as the melting of glaciers and ice caps. Over the last three decades, increased mass loss of the Greenland and Antarctic ice sheets has also started to contribute significantly to contemporary sea-level rise. The future mass loss of the two ice sheets, which combined represent a sea-level rise potential of ∼65 m, constitutes the main source of uncertainty in long-term (centennial to millennial) sea-level rise projections. Improved knowledge of the magnitude and rate of future sea-level change is therefore of utmost importance. Moreover, sea level does not change uniformly across the globe and can differ greatly at both regional and local scales. The most appropriate and feasible sea level mitigation and adaptation measures in coastal regions strongly depend on local land use and associated risk aversion. Here, we advocate that addressing the problem of future sea-level rise and its impacts requires (i) bringing together a transdisciplinary scientific community, from climate and cryospheric scientists to coastal impact specialists, and (ii) interacting closely and iteratively with users and local stakeholders to co-design and co-build coastal climate services, including addressing the high-end risks.
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INTRODUCTION

Coastal zones (regions less than 10 m above mean sea level) are ecologically rich, diverse and productive, but highly sensitive to changes in sea level (Wong et al., 2014; Oppenheimer et al., 2019). They concentrate population, being home to more than 600 million people, of which about 300 million live in flood-prone areas. Coastal zones are key engines of the global economy and sites of significant urbanization, hosting 65% of the world’s largest and numerous smaller cities. If current trends continue, the coastal population will roughly double by 2060 (Neumann et al., 2015), while the coastal economy will grow even more – plausibly by an order of magnitude – greatly increasing the exposure of humans and infrastructure to the hazards caused by sea-level rise (SLR). From an environmental and socio-economic point of view, improving decadal to centennial projections of regionally resolved SLR and making them available to coastal stakeholders has the highest priority.

This study aims to consider how we can most effectively enhance global understanding of sea level, and translate this into coastal climate services to provide useful information for local impact and adaptation needs assessment. This involves considering the science of global sea-level change, translation of global information to potential local sea-level change, as well as user and stakeholder engagement to co-produce projections appropriate to the decisions being made. These three points are outlined in more detail below and in the following sections.

In the 20th century, SLR was mainly caused by mass loss of glaciers and ice caps, henceforth simply referred to as glaciers,1 and by ocean thermal expansion (IPCC, 2019, 2021). However, since 1990, both the Antarctic Ice Sheet (AIS) and Greenland Ice Sheet (GrIS), which combined represent a sea-level rise potential of ∼65 m, have increasingly contributed to SLR (Bamber et al., 2018; Shepherd et al., 2018, 2021). As highlighted in the last three assessment reports of the Intergovernmental Panel on Climate Change (IPCC) (IPCC, 2007, 2013, 2021) and the Special Report on the Ocean and Cryosphere in a Changing Climate (BR001), the main uncertainty in projections of future SLR is the limited ability to model the future melt dynamics of the AIS and GrIS. Uncertainty quantification is further complicated by the fact that both ice sheets have been estimated to have tipping points at, or slightly above, 1.5–2.0°C warming compared to the pre-industrial epoch (Pattyn et al., 2018; Pattyn and Morlighem, 2020; Noël et al., 2021). Crossing these tipping points might lead to self-sustained demise of large parts of both ice sheets with a multi-meter contribution to SLR within a couple of centuries as a consequence. Though the relative contribution of ice sheet mass loss to SLR is expected to increase further over the 21st Century (Marzeion et al., 2018; Goelzer et al., 2020; Seroussi et al., 2020), glaciers will continue to contribute significantly to SL, a contribution that must also be better quantified (IPCC, 2021). Clearly, future SLR is a global problem that is mainly controlled by the future losses of land ice masses. This aspect is further detailed in Section “Components of Global Mean Sea-Level Rise.”

It is important to recognize that SLR is highly non-uniform in space and time and this needs to be understood to provide useful sea-level scenarios and coastal climate services. While in mitigation we consider global changes, impacts and adaptation need to reflect local changes. Ocean warming causes thermal expansion which leads to an increase in ocean volume. Water exchange between the land and the ocean, for instance by the melting of land ice, causes a change in ocean mass. Superimposed on these global processes are regional variations resulting from changes in ocean currents and density, as well as gravitational, rotational and deformational effects resulting from changes in the loading of ice and water masses and all components of vertical land movement. To make an inventory of potential coastal impacts and adaptation needs thus requires SLR projections that are essentially regional (Slangen et al., 2014) and local (Wöppelmann and Marcos, 2016; Woodworth et al., 2019; Nicholls et al., 2021a). This is detailed in Section “Sea-Level Rise Impacts: The Need for Local Information.”

There are multiple approaches to quantify SLR uncertainty, yet none of these can fully embrace the wide variety of user needs for sea level information. Individual user needs depend strongly on the value of exposed assets, their level of risk aversion, the relevant timescale and the wider context set by other stakeholders such as national governments, regional/local authorities, coastal conservation agencies, insurance/investment companies, etc (Hinkel et al., 2019; Kopp et al., 2019; Nicholls et al., 2021a). As a consequence, improving and adjusting SLR projections to the needs of our society can only be achieved through a broad and multidisciplinary collaboration in close and iterative interaction with users and stakeholders. This is discussed in Section “Interactions With Stakeholders and Co-design of Sea-Level Rise Projections.”



COMPONENTS OF GLOBAL MEAN SEA-LEVEL RISE

Sea-level rise contributions from thermal expansion (due to ocean warming) and changes in ocean dynamics (due to changes in ocean currents and density) can be quantified by global climate and related models. Between 2006 and 2018, thermal expansion contributed to increase mean SLR by 1.39 mm/yr and for 2100 is projected to contribute to SLR in the range between 0.12 (0.09–0.15) m under the high mitigation SSP1-1.9 scenario to 0.30 (0.24–0.36) m under the highly pessimistic SSP5-8.5 scenario, accounting for 30–40% of the total SLR (Fox-Kemper et al., 2021). Thermal expansion is a relatively well understood process, and uncertainties mainly reflect differences between scenarios.

The remainder of the projected 21st century total SLR mainly constitutes the melting of land ice. Apart from glaciers and increasingly the GrIS, this represents continued mass loss from specific regions in Antarctica, notably the West Antarctic Ice Sheet and the Antarctic Peninsula. Evidence of mass loss in these regions of the AIS has become clear with the advent of widespread remote sensing measurements in the early 1990s, and their rate of mass loss has steadily increased since the early 2000s. In contrast, the mass balance of the much bigger East Antarctic Ice Sheet remains highly uncertain (Shepherd et al., 2018; Rignot et al., 2019). Overall, Antarctica contributed 0.37 (0.24–0.50) mm/yr to SLR between 2006 and 2018 (Fox-Kemper et al., 2021). The mass balance of the AIS currently has two major components: a positive contribution made by the annual accumulation of ∼2500 Gt of snow at the ice sheet surface and a negative contribution of similar magnitude made by the flow of ice streams and outlet glaciers toward the ocean, where they form extensive floating ice shelves which lose mass by basal melt at the ocean-ice interface and iceberg calving at the ice shelf front. Assumed smaller (<10%) but poorly understood contributions to the AIS mass balance are basal melt at the ice-bedrock interface, (drifting snow) sublimation and the runoff of meltwater (van Wessem et al., 2018; Agosta et al., 2019).

The primary driver of current AIS mass loss is the acceleration of outlet glaciers, notably those feeding the Amundsen Sea Embayment (ASE) in West Antarctica. Here, ice discharge increased by about 77% from 1973 to 2013 (Mouginot et al., 2014). Acceleration of ice flow in the ASE occurs in response to incursions of warm Circumpolar Deep Water, thinning the ice shelves from below (Dutrieux et al., 2014). The thinning of ice shelves reduces the buttressing they exert on upstream grounded glaciers and consequently enhances the ice flow, causing mass loss of grounded ice and SLR (Gagliardini et al., 2010). The ASE is of particular concern because the grounding line, the transition between grounded and floated ice, rests on bedrock generally sloping downwards toward the interior of the ice sheet (Morlighem et al., 2020). In such a topographic configuration, the grounding line may be unstable whereby an initial retreat reinforces the ice outflow, leading to thinning and further retreat, etc. This process, known as the Marine Ice Sheet Instability (MISI), has been discussed for decades (Weertman, 1974; Vaughan, 2008) and it is nowadays acknowledged that unconfined ice shelves are indeed unstable (Schoof, 2007), although ice-shelf buttressing and/or rapid bedrock uplift might in some situations stabilize the glacier (Gudmundsson et al., 2012; Barletta et al., 2018). It has been proposed that MISI could be engaged in the ASE once a 1.5–2°C global warming compared to preindustrial has been exceeded (Pattyn et al., 2018; Rosier et al., 2021).

The retreat of Antarctic outlet glaciers that are currently confined by ice shelves might be further accelerated if intense surface melting leads to meltwater ponding and subsequent ice shelf disintegration. This process of hydro-fracturing is thought to be responsible for the catastrophic disintegration of Larsen A (1995), Larsen B (2002), and Wilkins (2008) ice shelves in the Antarctic Peninsula (Scambos et al., 2009). It has also been proposed that the collapse of ice shelves could expose ice cliffs high enough to produce stresses exceeding the strength of ice and leading to consecutive ice cliff collapses and rapid retreat of the ice shelf front (DeConto and Pollard, 2016). This process, named Marine Ice Cliff Instability (MICI), remains as yet unproven (Edwards et al., 2019). Current median projections of the contribution of the AIS to SLR from 1995–2014 baseline to 2,100 range from 0.10 to 0.12 m independent of the considered Shared Socioeconomic Pathways (SSP) (Fox-Kemper et al., 2021). However, the poorly understood MISI and MICI and the subsequent dynamical responses could introduce a considerably higher contribution (Bamber et al., 2019; DeConto et al., 2021; Fox-Kemper et al., 2021).

The mass balance of the GrIS is very different from that of the AIS. Apart from iceberg calving in narrow fjords -the GrIS does not have extensive ice shelves-, an additional significant negative mass balance component is meltwater runoff. Until the mid 1990s, mass losses from the GrIS were probably modest (Mouginot et al., 2019), but a series of strong melt years since the mid 2000s, together with the rapid acceleration and retreat of multiple major outlet glaciers (King et al., 2020), tipped the annual ice sheet budget into a persistent negative state (Shepherd et al., 2018). With a contemporary mass loss equivalent of 0.63 (0.51–0.74) mm per year between 2006 and 2018, the GrIS is currently the largest single net contributor to increased ocean mass leading to SLR (Fox-Kemper et al., 2021). At the same time, interannual variability of mass loss also appears to have increased (Simonsen et al., 2021), mainly owing to highly variable surface processes. The increase in surface melt and runoff since the late 1990s is in part due to the increased occurrence and persistence of atmospheric blocking over Greenland, leading to clear skies, higher air temperatures and higher melt rates notably on the southwestern GrIS (Hanna et al., 2018). However, this effect varies between years.

By storing and refreezing liquid water, the layer of firn (compressed snow) that covers 90% of the GrIS currently prevents nearly half of the percolating meltwater to run off. Strong melt events, particularly in the summers of 2012 and 2019, measurably increased the extent of impermeable ice layers that reduce percolation into the deeper firn in subsequent years, enhancing runoff (MacFerrin et al., 2019). The increase in GrIS mass loss from acceleration and increased submarine melting of marine-terminating outlet glaciers was likely, at least in part, initiated by increased ocean temperatures (Straneo and Heimbach, 2013). Notably, the retreat of glaciers in southeast and west Greenland concurred with warm ocean waters becoming entrained into the fjord environments and eventually melting the glacier fronts. In spite of the continuously improved understanding of dynamic behavior of marine-terminating outlet glaciers, the wide range of factors that determine this behavior, including bed topography, makes it complicated to generalize the response of outlet glacier dynamics to future climate warming.

In a long term perspective, the GrIS might enter a self-sustained melting state, due to positive feedbacks such as the melt-elevation feedback (a lower ice sheet surface faces a warmer atmosphere and melts even faster, etc.) and the melt-albedo feedbacks (as the ice sheet melts its surface gets darker and melts even faster). Once meltwater runoff exceeds the accumulation of snow, mass loss becomes quasi-irreversible; Pattyn et al. (2018) estimated that such a threshold could be crossed at about 2°C warming above pre-industrial, which could be reached already around 2055 under a high-end warming scenario (Noël et al., 2021). Current main projections of the contribution of the GrIS to SLR from 1995–2014 baseline to 2100 range from 0.05 (0.00–0.09) m (SSP1-19) to 0.13 (0.09–0.18) m (SSP5-85) (Fox-Kemper et al., 2021).

While glaciers store less than 1% of the global ice mass (Farinotti et al., 2019), their increasing mass loss rates (Zemp et al., 2019; Hugonnet et al., 2021) exceeded those of the GrIS or AIS in recent years. For the period 2006 to 2018, Fox-Kemper et al. (2021) estimated the glacier contribution (excluding glaciers in the periphery of the ice sheets) to SLR to be 0.62 (0.57–0.68) mm/yr. In the past two decades, all regions that harbor glaciers have contributed to SLR (Hock et al., 2019a; IPCC, 2019). Because the geometric adjustment of glacier extent in response to climate change is delayed, glacier mass loss during the first half of the 21st century is already committed and to a large degree independent of future greenhouse gas emissions (Marzeion et al., 2018). The evolution of glacier mass during the second half of the 21st century depends strongly on the considered emission scenario, but also on the combination of climate and glacier models used for the projection (Hock et al., 2019b; Marzeion et al., 2020). Current main projections of the contribution of the glaciers to SLR from 1994–2015 baseline to 2100 range from 0.08 (0.06–0.10) m (SSP1-19) to 0.18 (0.15–0.20) m (SSP5-85) (Fox-Kemper et al., 2021).

Given (i) the leading contribution to SLR of land ice melt and the associated future SLR commitment, (ii) its huge potential to further contribute to future SLR with tipping points that could be crossed in the coming decades by both the AIS and the GrIS, combined with (iii) the deep uncertainties attached to poorly understood processes controlling the possible self-sustained demise of large regions of both ice sheets, we must intensify in-depth research into glacier and ice sheet mass balance. The complexity of the system under study requires an interdisciplinary team with numerical/observational experts from the following research disciplines: (i) meteorology and surface mass balance of ice sheets and glaciers, (ii) oceanography and ice shelf basal melting, (iii) ice sheet and glacier processes (including calving) and dynamics, (iv) the coupling of these components, and (v) uncertainty quantification.



SEA-LEVEL RISE IMPACTS: THE NEED FOR LOCAL INFORMATION

Although global-mean SLR is a useful climate metric, multiple processes cause large spatial and temporal variations in sea-level change on a wide range of scales, which must be considered if we wish to develop information relevant to impacts, adaptation needs, and wider climate services in sea level (Figure 1). At the regional scale (∼100 km), changes in dynamic sea level reflect changes in ocean water density (temperature and salinity) as well as changes in the wind-driven and density-driven ocean circulation, e.g., forced by El Niño Southern Oscillation. A second driver for regional sea-level changes are the gravitational, rotational and deformational effects resulting from mass redistribution between land and ocean. When an ice sheet loses mass, its gravitational pull on the ocean is reduced, leading to a sea-level fall close to the ice sheet itself, but greater than average SLR in the far field, i.e., more than 2,000 km away from the mass source (Mitrovica et al., 2001). The resulting pattern is often referred to as a sea-level ‘fingerprint’ and typically shows an above-average SLR in the Northern Hemisphere for mass loss from the AIS, and an above-average SLR in the Southern Hemisphere for mass loss from the GrIS. Vertical land movement is also of particular importance, as in some coastal locations its magnitude is equal to or even larger than the long-term SLR, amplifying local relative SLR (Nicholls et al., 2021b). Possible causes are natural or human-induced subsidence (through e.g., compaction of sedimentary layers due to groundwater extraction), glacial isostatic adjustment, and tectonics. Glacial isostatic adjustment is estimated using global models (e.g., Peltier et al., 2015), while other components can be derived from in situ measurements such as in deltas and cities (Nicholls et al., 2021b) and at tide gauges (e.g., Kopp et al., 2014).
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FIGURE 1. Illustration of the processes that contribute to sea level change with respect to their temporal and spatial scales.


Sea-level rise is also affected by processes acting on a local scale (∼10 km or less) such as ocean and coastal dynamic (geomorphological) processes (Zhang et al., 2017). Of particular relevance to coastal risk management are changes in the frequency and height of sea-level extremes, for instance from tides, storm surges or waves and their combinations, including mean SLR (Allison et al., 2021). Although these processes typically occur on short timescales (hours to days) and only have a local to regional effect on the coast, their impacts are magnified by long-term SLR (Oppenheimer et al., 2019). There is also evidence that tide and surge propagation is being affected by SLR, as well as human modifications to bathymetry, and this has the potential to enhance extreme events more than SLR alone (Arns et al., 2015; Haigh et al., 2020; Talke and Jay, 2020). Further, such extreme events cause most floods and damage, so stakeholders strongly focus on adaptation to them while often raising the consideration of adaptation to mean SLR as well (e.g., Rosenzweig et al., 2011; Ranger et al., 2013). Adding appropriate allowance, Figure 1 summarizes crucial processes influencing change in sea level and their associated spatial and temporal scales.

As SLR will have a local impact, and decisions on adaptation and mitigation are also made on a local scale, it is essential that coastal climate services provide local sea-level projections that include the downscaling of all relevant processes; considering only global mean projections will seriously misdirect adaptation efforts and may lead to maladaptation. Therefore, producing reliable and sensible SLR projections requires that climate and sea-level scientists interact with specialists in the field of geodesy, earth science and ocean dynamics. Further, the context of use and application of the local (or relative) sea-level rise information needs to be considered so the relevant coastal impacts, adaptation needs and societal context needs to be considered as discussed in the next section.



INTERACTIONS WITH STAKEHOLDERS AND CO-DESIGN OF SEA-LEVEL RISE PROJECTIONS

The processes and methods described above contain uncertainties that differ in both nature and magnitude (e.g., Bakker et al., 2017), accumulate across scales (e.g., Rohmer et al., 2019) and ultimately affect coastal impact and adaptation assessments (Toimil et al., 2020; Rohmer et al., 2021). Historically, the IPCC has delivered sea-level projections with uncertainties described using quantitative metrics (likelihood) associated with qualitative confidence statements reflecting the quality of the evidence and the degree of agreement (Mastrandrea et al., 2011). This may not be sufficient from an adaptation perspective, particularly where users have a high risk aversion (Hinkel et al., 2019). In these cases, the emerging practice is to deliver a high-end scenario together with likely or probable scenarios (Ranger et al., 2013; Stammer et al., 2019; Nicholls et al., 2021a). High-end in this context means a scenario well above the likely projected SLR that cannot be excluded with present (limited) understanding of ice-sheet mass loss processes. Other uncertainty frameworks which consider probabilistic models or semi-quantitative information (Le Cozannet et al., 2017) might also be considered to deliver consistent sea-level information suited to the needs of various users. In its latest assessment report (AR6), the IPCC for the first time presented a “low likelihood high impact” scenario attached to the SSP5-8.5, showing that a sea level rise of 1.7 m by 2100 and more than 15 m by 2300 could not be excluded under high emissions (Fox-Kemper et al., 2021).

The impacts caused by SLR are wide-ranging – increased flooding, erosion, salinization and ultimately submergence – and there are many approaches to adaptation from planned or forced retreat, accommodation, hard and/or soft protection and even advance (Oppenheimer et al., 2019). The selected adaptation strategy will depend strongly on the local situation and decision context (Hinkel et al., 2019; Nicholls et al., 2021a). Some decisions such as beach nourishment operate at a decadal timescale and are easily adjusted over time, e.g., adding more or less sand (assuming sand resources are readily available). Hence these approaches can be easily adjusted to improved understanding as sea levels rise. In contrast, decisions such as building a nuclear power station or raising low-lying islands for urban development have long lead times, i.e., a century or more, and high risk aversion means there is strong interest in high-end SLR projections (e.g., Wilby et al., 2011; Brown et al., 2020): as the rate of SLR considered increases, the ability to protect may be overwhelmed for extreme cases linked to ice sheet collapse (Haasnoot et al., 2020). There are so many local situations that we do not a priori know the best approach to adaptation or the SLR information needs: the sea-level and adaptation scientists need to work together to understand the adaptation problem and what SLR science can presently provide that is relevant. Hence, the most useful SLR projections should be co-designed with users. This implies an iterative process in which all parties have to understand the needs, the possibilities to address these needs and the range of potential changes, and then jointly envision a future coastal adaptation service before elaborating projections (Figure 2).
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FIGURE 2. Providing reliable coastal adaptation services requires considering a large variety of processes on a wide range of scales. It should be iteratively co-designed and built with local users stakeholders, and policymakers.




CONCLUSION

This paper has considered how we can most effectively translate global understanding of sea level, including the major ice sheets and their uncertainties, to effective local climate services and coastal adaptation. It can be concluded that there are two important factors to consider: (i) to provide local sea-level projections, information from many different research disciplines needs to be transparently exchanged and combined, and (ii) to ensure usability for local stakeholders, sea-level information needs to be tailored to local requirements. Following these principles, as also adopted in the EU project “Projecting sea-level rise: from projections to local implications” (PROTECT), we encourage the formation of research consortia that cover the entire knowledge chain, ranging from ice sheet and ocean modeling, global, regional and extreme SLR projections, through to the analysis of SLR risks and adaptation needs and the co-design of sea-level information across the range of stakeholder needs. In this way global sea-level science can be linked to effective coastal climate services at the scale of risk and adaptation.
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FOOTNOTES

1Here, we follow the definition of glaciers as used in the 5th assessment report of the Intergovernmental Panel on Climate Change (IPCC, 2013): “A glacier is a perennial mass of land ice that originates from compressed snow, shows evidence of past or present flow (through internal deformation and/or sliding at the base) and is constrained by internal stress and friction at the base and sides. A glacier is maintained by accumulation of snow at high altitudes, balanced by melting at low altitudes and/or discharge into the sea. An ice mass of the same origin as glaciers, but of continental size, is called an ice sheet. For the purpose of simplicity, all ice masses other than ice sheets are referred to as glaciers.”
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