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SUMMARY

While twentieth century sea-level rise was dominated by thermal expansion of ocean water, mass loss from
glaciers and ice sheets is now a larger annual contributor. There is uncertainty on how ice sheets will respond
to further warming, however, reducing confidence in twenty-first century sea-level projections. In 2019, to
address the uncertainty, the Intergovernmental Panel on Climate Change (IPCC) reported that sea-level rise
from the 1950s levels would likely be within 0.61–1.10 m if warming exceeds 4�C by 2100. The IPCC acknowl-
edged greater sea-level increaseswere possible throughmechanisms not fully incorporated inmodels used in
the assessment. In this perspective, we discuss challenges faced in projecting sea-level change and discuss
why the IPCC’s sea-level range for 2100 under strongwarming is focused at the lowend of possible outcomes.
We argue outcomes above this range are far more probable than below it and discuss how decision makers
may benefit from reframing IPCC’s terminology to avoid unintentionally masking worst-case scenarios.
Since around 1850, the concentration of atmospheric CO2 has

risen from�280 to over 415 parts per million (ppm), resulting in a

global mean temperature rise of �0.9�C–1.2�C.1–4 Even if hu-

man-caused emissions are reduced to net zero by 2050, global

temperatures may rise to more than 1.5�C above pre-1850

levels.2 Global CO2 emissions are still on the rise,5 however,

albeit with a slight coronavirus disease 2019 (COVID-19) dip,6

and analyses of current policies suggest that greenhouse gas

emissions will continue on an upward trajectory over the coming

decades.7,8 This keeps strong-warming futures, which exceed

4�C by the end of the century and continued warming thereafter,

well within the realm of the possible.9

Sea-level rise is one of the most critical issues the world faces

under global warming. According to the IPCC Special Report on

the Ocean and Cryosphere in a Changing Climate (SROCC),10

around 680 million people (10% of the world’s population) live

in low-lying coastal regions that are susceptible to flooding. As

sea levels rise, so too does the risk of flooding, affecting commu-

nities immediately through storm surges,11 and in the longer term

as a consequence of seawater infiltration of fresh groundwater

reserves, degradation of farmland and accelerated coastal

erosion, among other impacts.12 While gradual sea-level in-

creases, such as the �20 cm that has occurred since 1850,13

can be dealt with to a degree by adaptations such as flood-bar-

riers, dykes, and natural water-system management strategies,

coastal people may be unprepared for much higher rates of

sea-level rise.
Will sea-level rise in the coming century be restricted to less

than about 1 m, as indicated by the ‘‘likely’’ (IPCC terminology

for >66% probability) range in the SROCC,10 or could it be

larger? Judging from records of the last deglaciation, ice sheets

can respond to global warming through rapid mass loss, at rates

and by amounts much higher than observed to date, leading to

sea-level rise of several meters per century.14 It is true that the

ice sheets then differed from today’s in many ways, but process

understanding and other indicators show that rapid rise is

possible under the higher levels of warming that might occur

this century. In this perspective, we discuss the potential for

large (>1 m) sea-level rise this century from the ice-sheet

response to strong warming, assess limitations to sea-level pro-

jection, and offer ways in which the scientific problem may be

better understood and translated.
PAST CLIMATE AND SEA-LEVEL CHANGE

Global sea level has risen by �20 cm over the last 170 years or

so.10 The rate of change has been increasing through time, how-

ever, and in the early twenty-first century it is �3.2 mm/year10

and growing at a rate of �0.8 mm/year per decade.15 Globally

averaged sea-level rise is probably the most important metric

going forward, but it is important to note that sea-level rise is

not globally uniform. For example, over short timescales,

changes in winds and currents can shift water away from some

coasts and against others. Over longer timescales, the
One Earth 3, December 18, 2020 ª 2020 Elsevier Inc. 691

mailto:m.siegert@imperial.ac.uk
https://doi.org/10.1016/j.oneear.2020.11.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oneear.2020.11.002&domain=pdf


Figure 1. Analysis of ice-sheet mass balance and IPCC sea-level
projections
(A) Measured ice loss from Greenland and Antarctica plotted against IPCC
Fifth Assessment Report predictions. AR5 upper range relates to the business-
as-usual RCP8.5 scenario, whereas the AR5 lower range corresponds to the
RCP2.6 scenario of strong action on carbon dioxide emissions.32

(B) Components of observed and predicted, as in (A), annual sea-level con-
tributions from Greenland and Antarctica between 2007 and 2017, broken into
components of ice dynamics and surface mass balance.32
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gravitational attraction of the gigantic polar ice sheets pulls

ocean water toward them, forcing the sea level to be higher in

polar regions than if the ice sheets were absent. Loss of ice

from these ice sheets spreads this extra water across the ocean,

and even affects the Earth’s rotation a little, which also influences

the pattern of sea level. Changes in the elevation of coastal land

affect local sea level, and may arise from plate tectonic pro-

cesses, ongoing isostatic response to past changes in loads

such as removal of the weight of the ice-age ice sheets, and

other processes, including groundwater/fossil-fuel extraction

and compaction of coastal sediments.16

There are three main factors that affect global sea levels on

timescales of decades to centuries:17,18 (1) the net loss of

mass from glaciers and ice sheets to the oceans; (2) the expan-

sion of oceanwater as it warms; and (3) changes in water storage

on land outside of the glaciers and ice sheets, including the bal-
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ance between removal of water from groundwater aquifers

versus increases in impoundment of water behind dams on

rivers. The oceans hold around 97% of all water on Earth. Of

the remaining 3%, around two-thirds are held as ice within gla-

ciers and ice sheets (the other third being in lakes, soils, rivers,

and the atmosphere). Glaciers thus hold nearly 70% of the

planet’s freshwater.19 By far the greatest ice volume is in

Antarctica, where two ice sheets (the East and West Antarctic

ice sheets) contain more than 25 million km3 of ice, which, if

melted, would raise global sea level by over 57 m.20,21 The

next largest ice sheet is in Greenland, containing enough water

to increase sea level by about 7 m.22–24 The remaining ice

caps and glaciers in the world, if they too melted, would raise

sea level by only �0.32 m.25 Hence, the greatest uncertainty to

future sea-level rise relates to how the polar ice sheets will react

to global warming.

The long response times of ice sheets to steady climate forc-

ing, their vast expanse, and their remote and extreme conditions

mean it has traditionally been difficult to determine whether they

are in positive or negative balance. Field-based assessments of

mass balance, while useful glaciologically, have substantial un-

certainties on an ice-sheet scale.26 More appropriate is the use

of airborne and satellite measurements calibrated against field

observations and extending them consistently to the whole-

ice-sheet scale. Satellite measurements of ice-sheet surface

elevation,27 when repeated over a few years, allow changes to

be determined with �10-cm accuracy. Another satellite tech-

nique combines measurements of ice volume flux along the

ice-sheet periphery with reconstructions of surface mass bal-

ance in the interior regions, and yields information on the compo-

nents of mass change (i.e., ice flow and rates of snowfall and

meltwater runoff).28,29 Finally, satellite-based gravity measure-

ments offer a comprehensive, precise, and largely independent

calculation of ice mass changes.30

Such measurements, over 20 years for gravity, 28 years for

altimetry, and 42 years for the mass budget, have revealed

that all major sectors of Greenland’s ice sheet are losing

mass.31 Furthermore, important parts of the Antarctic ice sheet,

and especially West Antarctica’s Pine Island and Thwaites gla-

ciers, where the ice rests on a bed well below sea level that

deepens upstream, are thinning and losing mass rapidly

(Figure 1). Satellite altimetry reveals the rate of West Antarctic

mass loss has increased 6-fold since the early 1990s.27 In

contrast, while the world’s glaciers also contribute significantly

to sea-level rise, the rate of acceleration is smaller than for the

ice sheets.33 The ice-sheet contribution already exceeds the

world’s glaciers, and in combination they now exceed sea-level

rise from thermal expansion of the ocean. This situation seems

likely to continue in the coming decades. As an illustration of

the pace of regional ice retreat under current climate forcing,

frontal positions of mountain glaciers ending on land typically

retreat at rates of kilometers per century,34 while some of

Greenland’s largest outlet glaciers (e.g., Jakobshavn

Isbrae and Zachariae Isstrom) have retreated at 0.5 to 0.6 km/

year.35–37 However, glaciers in the Amundsen Sea sector of

West Antarctica38 are retreating at 1 to 2 km/year, orders of

magnitude faster than typical mountain glaciers.

Further back in time, extensive evidence shows that warming

has repeatedly driven large, rapid sea-level rise from ice loss. At



Box 1. Ice-sheet instability and rapid mass loss

Changes in ice-ocean interactions affecting ice-sheet flow have the greatest potential for causing large, rapid sea-level rise.48,49

With both cold air and ocean,50 ice flowing into the ocean generally forms a floating but attached ice shelf, calving icebergs from its

terminus. Sufficient warming of air or water causes ice-shelf loss, sometimes catastrophically,51,52 shifting calving to a non-floating

(grounded) ice cliff. Essentially all ice shelves are restrained by friction with their sides or local seafloor highs, in turn restraining the

flow of non-floating ice.53 Ice-shelf reduction or loss speeds flow of that non-floating ice into the ocean, raising sea level. We focus

here on ice-shelf loss and retreat from a topographic bottleneck, twowell-known and often-coupled ‘‘tipping-point’’ behaviors that

can raise sea level rapidly under strong warming.

Faster flow from thinning of ice shelves caused by warming of ocean or air can lead to fracture along ice-shelf sides and then shelf

loss, as occurred at Jakobshavn Glacier in Greenland.52 Meltwater ponded in ice-shelf surface crevasses can also accelerate

iceberg calving and remove an ice shelf, as happened over a few weeks to the Larsen B ice shelf along the northern Antarctic

Peninsula.54 Ice shelves appear to be easier to lose than to regrow; despite environmental fluctuations and transient regrowth,55

persistent ice-shelf regrowth has not yet been observed. Flow acceleration of non-floating ice has followed ice-shelf thinning and

loss,56 together with grounding-zone retreat as nearby non-floating ice thinned to flotation.

For both ice shelves and grounded calving cliffs, the grounding zone can stabilize over long periods at a bottleneck—a seafloor

high and/or fjord narrowing—that partially restrains ice flow. Stability is reinforced by several processes, including sediment accu-

mulation. If further retreat is triggered, loss of restraint from the bottleneck favors faster calving, faster ice flow and thinning, typi-

cally causing rapid grounding-zone retreat to the next bottleneck.57,58

These retreat processes are well known. John Muir, for example, made important observations of the �100-km retreat from a

bottleneck in Glacier Bay, Alaska, with calving as fast as 11 km/year59 and ice thinning as much as 1,500 meters between 1750

and 1929.60,61 Similar or faster calving occurred with flow acceleration and thinning after Jakobshavn Glacier lost its ice shelf, until

the next bottleneck was reached. Various terms have been applied to variants of these processes: retreat such as that at Glacier

Bay is described as part of the tidewater glacier cycle, grounding-zone retreat of a polar ice sheet may be called the marine ice-

sheet instability (MISI), and retreat by calving after ice-shelf loss may be called the marine ice-cliff instability (MICI) (Box 1 Figure).

The recently observed retreats in Greenland and Antarctica have been locally spectacular but are only illustrative of the larger

changes that may occur under sustained warming. Glaciers sped up 5-fold to 8-fold following collapse of Larsen B. Jakobshavn

Glacier nearly tripled its speed after ice-shelf loss. Additional large changes occurred following ice-shelf loss in North Greenland,

Ellesmere Island, and along the Antarctic Peninsula. Ice-shelf thinning and flow acceleration in the Amundsen Sea Embayment of

West Antarctica, especially Thwaites and Pine Island Glaciers, could lead to retreat into deep interior basins with asmuch as 3m of

sea-level rise before stabilization on the next bottleneck. Some large East Antarctic glaciers have begun changing, and those

draining the Wilkes, Aurora and other basins have even greater potential to raise sea level.62–65 Similarly, in Greenland, marine-

based outlets underlain by deep channels extending inland (e.g., Petermann, Humboldt, Zachariae, Nioghalvfjerdsfjorden, Jakob-

shavn)37,52 house enough ice to raise sea level by 2.3 m.

One model that simulated ice-shelf loss and retreat from bottlenecks, including calving from grounded ice cliffs,66 found that, for

cases in which strong anthropogenic warming triggered major West Antarctic retreat, the marine basins largely deglaciated over

the following century or so. This model restricted ice-cliff calving to rates that have been exceeded elsewhere; much of the contri-

bution to rapid sea-level rise came from the great thickness of the West Antarctic ice and the huge width of the calving front that

developed during retreat. A West Antarctic calving-cliff retreat would produce much higher and wider cliffs with much larger

stresses than any that have been observed, so calving might be faster, or indeed much faster, than previously measured.67,68

Ice-shelf loss and calving-cliff retreat are well recognized at the fjord scale but often are not included well in ice-sheet models. This

is partly because of inherent difficulties in simulating fracture processes. (Small differences in conditions may cause a ceramic cof-

fee cup dropped on a hard floor to bounce unharmed or break into fragments.) Furthermore, with no recently observed cata-

strophic retreats on the scale of Thwaites Glacier or other major Antarctic basins, models cannot be well calibrated against obser-

vational or historical data.

The transition from non-floating to floating ice, commonly called the grounding line, is really a complex grounding zone with impor-

tant but poorly known processes. In addition to calving of grounded ice blocks, retreat and faster flow are promoted by preferential

melting undercutting the base of marine-ending ice cliffs,69–73 a process not yet included in many ice-sheet models.74,75

More broadly, the issue of melting at grounding zones of ice shelves and grounded cliffs remains an area of active research. Ice-

sheet models are sensitive to basal melt rates imposed at grounding zones.76,77 Large observed fluctuations in grounding-zone

position during tidal cycles promote ocean-water flushing and melting over many kilometers,78 and inclusion of grounding-zone

melting in models is required to match some recent observations.79,80 Inclusion of such processes in models,81,82 and their inter-

actions with cliff undercutting and calving, could amplify projected ice-sheet response to warming.77 The grounding-zone transi-

tion remains the least well explored and most challenging part of the ice-ocean system, and yet is central to the future evolution of

these glaciers.

(Continued on next page)
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Box 1. Continued

Box 1 Figure. Schematic of key processes leading to rapid ice loss at marine glacier and ice-sheet margins.
(A) Marine ice-sheet instability.
(B) Marine ice-cliff instability.83
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the Last Glacial Maximum (LGM), about 20,000 years ago, ice

sheets captured so much water from the oceans that global

sea level was up to 130 m lower than now.39 Deglaciation, glob-

alized by atmospheric CO2 increase from 180 to 280 ppm, pri-

marily because of CO2 transfer from the deep ocean to the atmo-

sphere, saw global average temperature rise by �6�C (or 3.4�C
per doubling of CO2)

40 and sea levels increase, on average, by

1.3 m per century for about 10,000 years. While useful for a gen-

eral understanding of the transition, these deglacial averages

mask considerable variability at global and regional scales,

such as meltwater pulses driven by the interactions between

the melting ice sheets and the ocean and atmosphere that acted

to modulate climate and that led to rates of sea-level rise several

times higher than the average.14,41–43 Ice sheets, and their inter-

actions with the ocean, are critical to rapid climate change in the

last deglaciation44,45 and will likely be so this coming century.46
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They influenced climate by releasing large quantities of water, via

direct melting or by iceberg calving, into the oceans, so affecting

ocean circulation.47 Ocean circulation is in turn important to

glacier growth and climate change for three reasons. First,

oceans are capable of transporting heat between latitudes and

hemispheres. Second, ocean thermal conditions are one of

several factors affecting the growth of sea ice, which is an impor-

tant feedback on surface albedo. Third, ocean temperatures are

a control on the rate of ice-shelf melting, grounded ice undercut-

ting, and possibly iceberg calving (see Box 1). Hence, through

ice-ocean-atmospheric interactions, the gentle rise in global

temperatures through the last deglaciation was punctuated

regionally by episodes of rapid (on the order of decades or

shorter) and extreme (in some areas >±5�C) climate change.84

The lessons from the paleo record inform us that it is possible,

when pushed by greenhouse gases, for the climate to change
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rapidly and for ice sheets to drive several meters of global sea-

level rise over a century timescale.85

ICE-SHEET MEASUREMENT AND MODELING

Measurements of recent sea-level change cannot be used to

predict the future beyond simple extrapolations that very rapidly

become inadequate under enhanced global warming. The scien-

tific community therefore often relies on computer models,

including ice-sheet models, to quantify future environmental

change. Ice-sheet modeling incorporates glacier mechanics

into numerical schemes that allow ice flow to be calculated at

a chosen scale.

The earliest ice-sheet models were relatively basic, involving

grids with cells tens of kilometers wide.86 While such coarse as-

sessments worked reasonably well near the ice-sheet center,

where the flow of ice is simple to calculate and speeds are

very low, they broke down toward the coast where flow funnels

into fast-flowing ice streams. These regions require enhanced

physics and higher resolutions. Modern ice-sheet models have

improved substantially in their representation of ice streams,87

using adaptive grids to provide increased resolution where

needed.88 However, despite these impressive advances,

models still facemajor difficulties in accurately deriving themod-

ern flow of ice as measured by satellites.28,29 These difficulties

arise from shortcomings in some combination of the models

themselves, knowledge of the physical processes, and aware-

ness of environmental conditions such as the nature of the

glacier bed and thermal forcing from the ocean. Consequently,

fully process-based ice-sheet models that adequately capture

critical dynamics occurring in ice sheets are not (yet) available

for projections of century-scale sea-level change.

Ice-sheet models typically are tuned to observations in some

way; for example, by adjusting basal conditions (i.e., the friction

between the ice and its bed) until an optimization between ice-

flow speeds and satellite observations is reached. The advan-

tage of this approach is that the modern ice-sheet flow can be

quantified well; the models represent a reasonable snapshot of

ice flow today. Large disadvantages may arise from this

approach, however. For example, it is possible to reasonably

accurately fit the modern ice sheet assuming either a viscous

bed or a plastic one,89 but this significant rheological difference,

and therefore the choice of model, can control whether future

warming produces ice-sheet collapse or not.76 In some places,

data suggest that the bed actually alternates between viscous

and plastic, and simple modeling shows that, while such a bed

usually behaves in an intermediate manner, it may exhibit

behavior more extreme than either of these situations.90 Clearly,

improved physical understanding of the geotechnical conditions

at the ice-sheet bed is a requirement for confident projections of

future ice-sheet behavior.

Another level of modeling uncertainty relates to the interaction

between the ice sheet and the ocean. The Antarctic ice sheet is

changing mostly because of ocean-driven melting beneath its

ice shelves, including in the complex grounding zones.91

Because of this, physical processes acting within ice-shelf cav-

ities are essential to being able to model ice-sheet change.

Despite progress in coupling ice sheet and ocean models,83,92

coupled ice-ocean models presently fail to capture much of
the detail revealed by observations.93 Further developments

are thus required to improve ice-ocean processes in models

while, at the same time, allowing them to be run efficiently

(enough to permit the exploration of ensembles of runs over

time scales of ice-sheet response) and appropriately (covering

a very uncertain parameter space).

At least three major problems have limited progress in

modeling ice-ocean processes. First, the bathymetry along the

coastline of Antarctica and Greenland is not known completely,

and, where absent, has been replaced by a mathematical inter-

polation that smooths out deeper trenches,20,22 which tends to

artificially stabilize the modeled ice sheets. Today’s ice sheets

are generally surrounded by exceptionally cold ocean waters,

with warmer waters that often stay offshore of the edge of the

continental shelf.94 Around Greenland, this water is 300–400 m

below the surface and is associated with Atlantic Intermediate

Water. Around Antarctica, warm water occurs 400–700 m below

the surface, associated with Circumpolar Deep Water. These

warm waters are stable at depth because they are more dense

than the colder, fresher surface waters. Changes in prevailing

winds and currents may draw up these warm waters over the

continental shelf edge, where they can then drain downward

along deep troughs carved by formerly more extensive ice

streams to reach the modern ice edge.95–97 Many of these

deep troughs have not been mapped satisfactorily, especially

in East Antarctica.62 As these natural conduits that allow warm

waters to reach the ice sheet are missing in models, the impact

of ocean-driven forcing on ice sheets is likely to be systemati-

cally underestimated.

Second, global oceanmodels often operate at a coarse spatial

resolution (100 km) that does not resolve eddies (�1 km) and

therefore cannot fully reproduce the transfer of ocean heat

from the outer ocean onto the continental shelf, into the fjords

and ice-shelf cavities.98 As a result, the source of thermal forcing

from the ocean onto the ice sheets is not fully resolved in most

models, despite recent progress in incorporating the action of

mesoscale eddies and tidal pumping.99 To represent that ocean

heat transfer adequately, it is essential to reproduce the westerly

wind regime around Antarctica and its temporal trend, which re-

mains a challenge for most climate models in Antarctica.100

Third, ocean observations are limited along the coastline of

Antarctica and Greenland. Argo floats do not operate in these

shallow regions infested with sea ice, and use of other tech-

niques remains logistically challenging. As a result of these limi-

tations, thermal ocean forcing of the ice sheets, which has long

been known to be essential for accurate understanding of their

response,101 is neither well known nor likely to be represented

properly in models.102,103 In the absence of an observation

network of ocean conditions adjacent to the ice sheets, mod-

elers must deal with significant and unsatisfactory uncertainties

in applying ocean thermal forcing at marine ice-sheet

margins.104

The floating ice shelves surrounding grounded ice sheets are

critical to ice-sheet dynamics. Receiving warmth from both the

ocean and atmosphere under climate change, ice shelves are

subject to mass loss from their upper and lower boundaries.

Ice-shelf disintegration in the northern Antarctic Peninsula has

occurred suddenly.105 Following breakup, grounded glaciers

began to flow more quickly through removal of the back-force
One Earth 3, December 18, 2020 695
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that was provide by the ice shelf.54,106 Under strong-warming

scenarios, ice shelves bordering the grounded ice sheets in

East andWest Antarcticamay also be vulnerable,107 which could

in turn lead to ice-sheet instabilities and substantial rapid loss of

mass to the ocean (see Box 1).

An additional area of concern lies in the subglacial boundary

conditions used as input to models. Much progress has been

made to improve the description of ice thickness and bed eleva-

tion of Greenland glaciers, with corrections to earlier datasets up

to many hundreds of meters, which can be the difference be-

tween a glacier terminating in warm, deep water or a glacier ter-

minating on land.22 Similarly, significant advances have been

made in Antarctica, especially in West Antarctica, via dedicated

airborne and other geophysical surveys in the last decade tied to

targeted modeling.20 However, the shapes of ice-shelf cavities

have not been mapped in detail around Antarctica, although

progress has been made in key sectors.108–113 Moreover, the

grounding zone (the elusive region where ice meets seawater

sloshing back and forth with ocean tides) is challenging to

observe with in situ devices as it is overlain by hundreds of me-

ters of ice that is often heavily crevassed. Remarkably clever

studies have partially overcome these difficulties in restricted

places,114,115 with more work planned,116 but large data gaps

remain. A lack of precise measurements in sub-ice-shelf cav-

ities, and across grounding zones, obstructs our fundamental

ability to model ice-ocean processes.

In summary, using ice-sheet models, coupled with ocean

models, to derive probabilistic accounts of future sea-level rise

remains problematic, especially under situations where the envi-

ronment is changing rapidly. We can exemplify the problem in

two ways. First, no ice-sheet model has been able to prognosti-

cally replicate the 6-fold increase in ice-sheet mass imbalance

observed over the last 30 years.27,117 Second, a recent assess-

ment of how a range of ice-sheet models reacted to a scenario

where all Antarctic ice shelves are removed (implausible but

interesting from a modeling perspective) revealed substantial

variation in how much mass was lost in 500 years, ranging

from 1 to 12 m in sea-level-equivalent terms depending on the

model.118

IPCC EMISSIONS SCENARIOS AND SEA LEVEL

Ice-sheet models have had many successes and their projec-

tions provide useful guidance when forced by slowly evolving

climate and ocean systems, if thresholds leading to more rapid

changes are not crossed. While it is possible that West

Antarctica is already committed to future large and rapid

changes under marine ice-sheet instability,78,119,120 other

modeling indicates that the threshold may not yet have been

crossed.66,76 Since the likelihood of irreversible rapid marine

ice loss obviously increases with more warming, the size and

rate of future warming are thus of great importance.

IPCC scenarios are analytical tools that can help explore the

parameter space of high- and low-emission futures. For

example, the climate research community often falls back to us-

ing a core set of standardized pathways that reach varying levels

of climate forcing by 2100. These include the representative con-

centration pathways (RCPs) published about a decade ago121

andmore recent scenarios based on a common set of socioeco-
696 One Earth 3, December 18, 2020
nomic assumptions known as shared socioeconomic pathways

(SSPs).122,123 The lowest of the RCPs (RCP2.6) is most compat-

ible with the Paris climate agreement, as it assumes atmospheric

CO2 concentration �400 ppm by 2100 and projects global tem-

perature increases likely to be held below 2�C relative to prein-

dustrial levels.1 The more recent and more stringent SSP1-1.9

scenario gives an even better chance ofmeeting the Paris Agree-

ment’s long-term temperature goal124 by keeping peak warming

well below 2�C and leading to less than 1.5�C of warming by

2100.123 In contrast, at the high end, the RCP8.5 and SSP5-8.5

scenarios involve no effective response to greenhouse gas emis-

sions and a recarbonization of economic growth, leading to

�1,000 ppm by 2100 and a high probability of global warming

in excess of 4�C by 2100. Emissions trends and assessments

of current policies indicate that global emissions scenarios are

currently neither tracking the high, nor in line with the low, end

of this range.7,125 However, this does not mean that the high

warming projected under RCP8.5 cannot occur given current

trends9 or that future policy decisions cannot reduce emissions

significantly further, especially considering recent studies that

suggest cumulative emissions between 2005 and 2020 are

more in line with the upper range of scenarios.126

The SROCC10 states that ‘‘the global mean sea level (GMSL)

rise under RCP2.6 is projected to be . 0.43 m (0.29–0.59 m,

likely range) in 2100 with respect to 1986–2005’’. For warming

as projected under RCP8.5, the SROCC considers the sea-level

rise ‘‘to be 0.84 m (0.61–1.10 m, likely range) in 2100’’. It

considers the uncertainty in sea level by 2100 to be largely

‘‘determined by the ice sheets, especially in Antarctica’’. Thus,

sea-level rise in excess of 1 m by 2100 is not discounted by

the IPCC.

Existing ice-sheet models are more likely to provide reliable

projections if global warming is kept below 2�C, but a world in

which warming exceeds 4�C presents a much more challenging

situation. It is quite possible that this extreme situationwill lead to

reactions and feedbacks in the atmosphere-ocean-ice systems

that cannot be adequately modeled at present in terms of pro-

cess interactions and their consequences. Ice-sheet mass-bal-

ance changes observed in the last few decades have tended

to occur sooner and more rapidly than midrange values of prior

projections (Figure 1),127,128 at least in part because of pro-

cesses that were not well resolved in earlier models. For

example, ocean thermal forcing around ice sheets did not in-

crease primarily as a result of the slow warming of the world’s

ocean waters, but rather as a result of changes in the wind

regime,46,95 which acted rapidly to push warm waters more

into previously cool regions (note that the wind shifts occurred

at least in part because of anthropogenic forcing).46,129 This

served to more than offset the expected growth of the Antarctic

ice sheet from increasing precipitation in a warming world, which

has been evident only in limited areas such as the Antarctic

Peninsula and Dronning Maud Land in East Antarctica. In other

words, the physical mechanisms that could mitigate the impact

of climate warming, as expected in climate models, have so far

proved inadequate to do so.

Comparison of IPCC projections with those made in other

ways suggests they are consistent with, or lower than, contem-

poraneous expert insights, but not higher. For example, a recent

expert survey130 found, among those who responded, a 45%
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likelihood that sea-level rise by 2100 under RCP8.5 would

exceed the upper end of the likely range given in the IPCC Fifth

Assessment Report, which is defined as having a 17% chance of

exceedance. A 2014 expert elicitation by an overlapping team of

authors131 similarly found a 42% likelihood of exceedance. A

comprehensive survey of sea-level-rise projections made be-

tween 1983 and 2018132 foundmany who agreed with IPCC pro-

jections but more that anticipated greater rise than in the IPCC,

and few that projected less rise than in the IPCC. (Note that the

Fourth Assessment Report of the IPCC projected sea-level rise

‘‘excluding future rapid dynamical changes in ice flow,’’ and

thus was not a complete projection and cannot be compared

directly, although it often is.) Comparisons of projections from

earlier IPCC reports with subsequent sea-level rise found that

sea level has been tracking near the upper limits and well above

central estimates.127,133 Furthermore, a more recent study128

noted that Antarctic ice loss was running ahead of central values

in earlier IPCC projections, although within the considerable un-

certainties, while another has shown that ice-sheet mass losses

from both Greenland and Antarctica are in line with the upper

range of IPCC projections (Figure 1).32 These considerations

suggest that the probability of sea-level rise greater than the

IPCC range may be higher than generally expected, especially

under higher emissions scenarios, and that there is little proba-

bility of sea-level rise less than the IPCC range.

FUTURE RESEARCH DIRECTIONS TO IMPROVE SEA-
LEVEL PROJECTIONS

Here, we identify some broad areas for future research to narrow

uncertainties on this important issue. These overlap in consider-

able degree and could be integrated in research planning going

forward.

Ice-sheet modeling has played, and must continue to play, a

crucial role in understanding how ice sheets operate and the pro-

cesses that are most important to ice-sheet change. We have

gained substantial knowledge of ice-sheet sensitivities to warm-

ing from models.134–136 Considerable improvements in ice-sheet

models have been made in recent years, moving the community

away from complete reliance on shallow-ice or shallow-shelf

approximation models by allowing appropriate use of higher-or-

der and full-Stokes models over the entire ice sheet, constrained

by satellite observations of surface elevation, surface ice speed,

and reconstructions of surface climate conditions. The suite of

models (ranging from simple to complex) still provides the only

means by which ice-flow processes at a continental scale can

be integrated and projected. Progress has been spectacular.

However, for ice-sheet models to be capable of making accurate

projections about future sea level under high-warming scenarios,

further major advances are needed. Important work is already

ongoing addressing many issues (e.g., the International Thwaites

Glacier Collaboration137 and other efforts) but much additional

sustained work is warranted, intensifying research in other parts

of Antarctica, and engaging a larger community of scientists,

especially young researchers. Proposals for this researchproperly

would be supplied by the broad polar-scientific community in

consultation with policymakers; here, we offer some ideas based

on our discussions and experiences, highlighting six important

areas that must be advanced greatly within 10 years (Figure 2).
The first is to develop a more precise and complete map of the

subglacial topography and seafloor bathymetry around the Ant-

arctic continent, at the scale useful to ice-sheet and ocean

modeling, requiring targeted airborne (radar, gravity), ship-based

(multibeamechosounding), andground-based (seismicandother

techniques) measurements, and a suite of geophysical drones

and autonomous underwater vehicles (AUVs). By having better

measurements of the topographyandbathymetry,more-effective

coupling between ice-sheet and ocean models will become

possible.

Second, there is an urgent need to collect oceanographic data

around the ice-sheet margins. Ice-prone shallow-operating

Argo-type floats, and other types of AUV and sampling strate-

gies, now exist but need to be deployed more broadly.138 Sea

mammals have been used with tremendous success in both

hemispheres139 to supplement Argo-type programs, but provide

data only in their foraging grounds. It is also important to explore

sub-ice-shelf cavities with robotic technologies to provide long-

term measurements at and close to the ice-sheet grounding

zone.140,141 While limited in scope, targeted field campaigns,

including on-ice geophysics and drilling, are essential for major

advances in scientific understanding of the complex interactions

taking place at glacier grounding zones, several hundred meters

below the water line.

A third area is to use data-assimilation techniques more sys-

tematically to incorporate new, expanded geophysical informa-

tion regarding basal conditions and ice-sheet structures into

ice-sheet models. Doing so would improve the ability of ice-

sheet models to incorporate physical processes, as opposed

to using blanket parameterizations, in their depictions of ice

flow. The actual bed of a glacier, as known from deglaciated sur-

faces, does not match gridded bed products20–22 in aspects

other than gross (>500 m scale) morphology.142 These differ-

ences are important, however, and spatially variable flow laws,

as well as incorporation of appropriate topography, bed

rheology, and basal lubrication, are needed in next-generation

models.90,143

Fourth, it is essential to improve the coupling between ice-

sheet, ocean, and atmosphere models, and this requires a com-

munity-wide effort and vastly enhanced computing resources

to resolve critical detail at high spatial resolution. These

developments are needed to replicate the observational record

and increase the level of confidence in projections. While major

progress has been made along these lines,77,103 significant ef-

forts are still required to bring these coupled models to a level

of performance that can be vetted by the observational record.

Fifth, fracture plays a central role in determining whether (1) ice

shelves will persist or break off, and whether calving cliffs will

retreat from stabilizing basal sills or remain pinned; (2) calving

will be limited to the fastest rates so far observed or go much

higher; and (3) surface meltwater will wedge open crevasses to

drive faster calving or drain away without doing so. This is a chal-

lenging area because, as noted in Box 1, even small errors in

knowledge of forcing or materials properties can lead to very

large errors in predicted behavior. Practicing engineers

committed to avoiding catastrophic failure design for several-

fold safety margins for very good reasons, and the need for

such engineering safety margins is of concern in making projec-

tions for ice-sheet processes that involve fracture. Extensive
One Earth 3, December 18, 2020 697



Figure 2. Six ways in which ice-sheet
modeling, and thus sea-level predictions,
may be improved under further research
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observations in the field and the laboratory, combined with

expanded modeling, appear necessary.

Sixth, we have never directly observed an ice-sheet collapse,

to guide construction and calibration of better models. Engineers

avidly study past failures for clues to avoiding future ones. For ice

sheets, those past failures are recorded in the paleoclimatic re-

cord (and to a much smaller extent in the instrumental record).

Ice-sheet models can be tested against those past changes,

but the uncertainties in past configurations remain large enough

that they translate into major uncertainties in projec-

tions.66,144,145 Improved understanding of past changes is thus

required to ascertain, for example, whether marine ice-cliff insta-

bility has occurred in the past146 and, if so, the conditions that led

to it occurring. We note, though, that future forcing may move

outside of the envelope of paleoclimatic forcing, perhaps

bringing novel behaviors, and requiring physics-based models

calibrated against laboratory data.

While these and related efforts should improve the ability of

models to provide process-based projections of glaciological

change, they may not quickly give the desired high level of con-

fidence in those projections, especially under the highest warm-

ing scenarios. More-prominent cautionary notes accompanying

the assessments would provide valuable guidance to users,

based on known and recognized limitations of physical models,

and backed up by expert judgments,23,24,147 which project sys-
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tematically higher rates of sea level

change than are currently projected by

many models.148

We also recognize the value of an

early-warning system for observable

steps that could lead to a >1-m sea-level

rise by 2100.85 Coupled ice-sheet/ocean

modeling could play an important role in

understanding how significant sea-level

rise is delivered and could guide con-

struction of such a system.149 An interna-

tional effort of observations, and an

appreciation of what to look out for, espe-

cially under the most extreme of sce-

narios, would certainly add confidence

in sea-level projections.

In many ways, we already have a good

start on such an early-warning system

comprising satellites, airborne platforms,

robotic devices, field investigators, and

expert knowledge. While this network is

growing and getting stronger, it has major

weaknesses at ice-sheet boundaries that

require urgent action.We need to develop

a capability to collect continuous obser-

vations of ocean temperature and salinity

along ice-sheet boundaries, with an array

of robotic devices in key parts of
Antarctica and Greenland that are most vulnerable and capable

of causing rapid sea-level rise in the future. Monitoringmeltwater

ponding in ice-shelf crevasses, retreating grounding zones, and

accelerating iceberg calving will also help provide early warnings

of the onset of rapid sea-level rise. The required technology for

achieving these goals is largely available.

WAYS FORWARD FOR THE IPCC

The IPCC has the difficult task of gathering and evaluating all

available evidence, and presenting a consolidated assessment

of the state of scientific knowledge on climate change. This is

particularly challenging for sea-level rise because, as we dis-

cussed, model projections generally do not capture the abrupt

and highly non-linear dynamics that are being observed today.

These challenges are not new. Indeed, several studies cited

above have shown that, over the past few decades, the IPCC’s

assessments of future sea-level rise have tended to be low,

with no tendency to be high or alarmist. Social-scientific

research has provided possible insights to this tendency.150

IPCC assessments of twenty-first century sea-level rise gener-

ally place some or much reliance on outputs of models, but

manymodels do not include a complete suite of ice-loss physical

processes that could cause rapid sea-level rise, including cata-

strophic calving of ice shelves and removal of grounded ice
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blocks and rapid melt of grounded ice by the ocean at the

grounding line, some of which are becoming apparent in pre-

sent-day observations. By omitting some rapid mass-loss pro-

cesses in ice-sheet models, the upper end of the range of pro-

jected sea-level rise becomes inevitably restricted.

Careful reading of the underlying IPCC chapters over multiple

reports shows that many of the issues highlighted here have

been considered. For example, in discussing the large ice sheets

‘‘. new evidence . has again raised the possibility of larger

dynamical changes in the future than are projected by state-of-

the-art continental models . because these models do not

incorporate all the processes responsible for the rapid marginal

thinning currently taking place .’’.151 Except for the Fourth

Assessment Report,152 however, such concerns have not pre-

vented the IPCC from assigning upper limits on the likely range

for future sea-level rise (the Fourth Assessment assigned this up-

per limit ‘‘excluding future rapid dynamical changes in ice flow’’,

as noted above). Those likely ranges have been emphasized in

the summaries for policymakers that receive greatest public

attention. We suggest that the IPCC could greatly aid stake-

holders by more strongly and prominently bringing forward (1)

appreciation that ice-sheet and ocean dynamics can act to

deliver higher, but not lower, sea level outcomes; (2) acknowl-

edgment that such processes are omitted within many ice-sheet

models relied on by the IPCC, as there is still uncertainty on how

they operate and interact on sub-century time scales; and (3)

awareness that observations of rapid mass loss in both

Greenland and Antarctica over the last �40 years provide a

wealth of evidence that these physical processes are already

active today in some places and could drive much larger, more

rapid sea-level rise under further warming. The example of the

underlying text in the Fourth Assessment provides possible guid-

ance on dealing with the deep uncertainties affecting the upper

bound on the likely range.

The discussion above shows that the uncertainties in scientific

projections of sea-level rise are skewed; the rise may be a little

less than central projections, or a little more, with some chance

of rise being much more but no similarly large chance of the rise

being much less. Even under strong warming, the IPCC’s likely

projections for 2100 involve the ice sheets providing less than

1% of their potential sea-level rise to the ocean, leaving a sub-

stantial possible contribution. Although the potential of sea-level

rise exceeding the upper likely range is discussed in the IPCC

summaries for policymakers, the asymmetry of the uncertainties

is not strongly reported. More-explicit statements addressing

this issue could usefully inform policymakers and the public on

the possible costs of warming and on the value of additional

research addressing the long tail of the probability distribution

of large, rapid sea-level rise.

Recent scholarship shows that some policymakers, andmem-

bers of the public, misinterpret the IPCC’s communication of un-

certainty and risk.153–155 The IPCC has established a calibrated

language for developing expert judgments and for communi-

cating the degree of certainty in findings of their assessment pro-

cess.156 This language relies on two metrics: confidence and

likelihood statements. Confidence statements express the con-

fidence in the validity of a finding and are based on an expert

judgment of the type, amount, quality, and consistency of avail-

able evidence, and the degree of agreement. For example, the
SROCC concluded with very high confidence that ‘‘acceleration

of ice flow and retreat in Antarctica, which has the potential to

lead to sea-level rise of several metres within a few centuries,

is observed in the Amundsen Sea Embayment of West

Antarctica and in Wilkes Land, East Antarctica’’. Likelihood

statements are intended to express quantified uncertainty and

use calibrated terms to reflect a specific likelihood. For example,

likely for an outcome that has 66%–100% probability of being

correct, and very likely if it has 90%–100% probability. When

the IPCC thus reports that future sea-level rise under 4�C warm-

ing is likely in the 0.6 to 1.1 m range, it means that there could be

a 1 in 3 chance that reality falls outside the reported range. These

technical definitions are commonly used alongside alternative

definitions in non-technical settings, which cause confusion in

user communities.157 Some research also suggests that these

definitions may be applied by the IPCC in ways that are too con-

servative, tending to underestimate scientific confidence on

some issues and the scale of potential climate disruption.158 In

our considerable but anecdotal experience, many coastal plan-

ners, policymakers, and members of the general public fail to

fully appreciate the meaning of the likely range in the assessed

sea-level-rise projections. Instead, some treat the high end of

the likely range as a worst-case scenario or else the upper end

for practical designs. Such a situation is far from ideal because

the upper limit of the IPCC likely range was never intended as

a worst-case scenario.

Sea-level rise will be one of the most challenging issues faced

by society in the coming decades unless we decarbonize fully by

mid-century. An objective appreciation and more-effective

dissemination of what sea-level rise is possible under strong

warming, as opposed to what is deemed likely or is currently ac-

counted for by numerical models, would better inform decision

makers, who must increase decarbonization ambition to avoid

the most severe of outcomes.
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158. Herrando-Pérez, S., Bradshaw, C.J.A., Lewandowsky, S., and Vieites,
D.R. (2019). Statistical language backs conservatism in climate-change
assessments. BioScience 69, 209–219.
One Earth 3, December 18, 2020 703

http://refhub.elsevier.com/S2590-3322(20)30592-3/sref139
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref139
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref139
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref139
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref140
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref140
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref140
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref141
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref141
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref141
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref141
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref142
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref142
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref142
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref143
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref143
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref143
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref143
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref144
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref144
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref144
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref144
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref145
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref145
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref146
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref146
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref146
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref146
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref147
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref147
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref147
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref148
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref148
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref148
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref148
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref148
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref148
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref148
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref148
https://doi.org/10.5194/tc-2020-186
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref150
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref150
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref150
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref150
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref151
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref151
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref151
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref151
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref151
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref151
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref151
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref152
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref152
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref152
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref152
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref152
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref152
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref153
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref153
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref153
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref154
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref154
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref155
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref155
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref155
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref155
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref155
https://www.ipcc.ch/site/assets/uploads/2017/08/AR5_Uncertainty_Guidance_Note.pdf
https://www.ipcc.ch/site/assets/uploads/2017/08/AR5_Uncertainty_Guidance_Note.pdf
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref157
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref157
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref157
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref157
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref158
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref158
http://refhub.elsevier.com/S2590-3322(20)30592-3/sref158

	Twenty-first century sea-level rise could exceed IPCC projections for strong-warming futures
	Acknowledgments
	References




