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Sea-level rise is one of the most critical issues the world faces under global warming.
Around 680 million people (10% of the world’s population) live in low-lying coastal regions
that are susceptible to flooding through storm surges and from sea-water infiltration of
fresh groundwater reserves, degradation of farmland and accelerated coastal erosion,
among other impacts. Rising sea level will exacerbate these problems and lead to societal
impacts ranging from crop and water-supply failures to breakdowns of city infrastructures.
In time, it is likely such changes will necessitate the migration of people with substantial
economic cost and social upheaval. Here, we discuss the physical processes influencing
21st Century sea-level rise, the importance of not using 2100 alone as a benchmark, the
changes that are already locked in, especially after 2100, and those that can be avoided.
We also consider the need for both adaptation and mitigation measures and early warning
systems in this challenging global problem. Finally, we discuss how the scientific prediction
of sea level rise can improved through international coordination, cooperation and cost
sharing.
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INTRODUCTION

Sea level has risen by ∼20 cm over the last 150 years or so (Figure 1). The rate of change has been
increasing through time, however, and in the early 21st Century it is ∼3.3 mm/yr and growing at a rate of
∼0.8 mm/yr per decade (Nerem et al., 2018). In the last 3 decades, sea level has risen by 10 cm, roughly
equalling the amount over the preceding 120 years (WMO, 2021) (Figure 2). When compounded by
storm surges, these changes have been seen in a number of coastal flooding incidents this century in both
major cities (e.g. Houston in 2018, New York in 2012, New Orleans in 2005) and across wide regions in
developing countries (e.g., Bangladesh in 2004, 2005, 2015, and 2017). Sea levels will continue to rise in
coming decades and millennia, and up to 5 m by 2150 cannot be ruled out (IPCC, 2021).

Global sea levels change on timescales of decades to millennia in three ways (Frederikse et al., 2020): 1)
the net loss of mass from glaciers and ice sheets to the oceans; 2) the expansion of ocean water as it warms;
and 3) changes in non-glacial water storage on land, including groundwater aquifers and water held behind
dams and on rivers. The oceans hold around 97% of all water on Earth. Of the remaining 3%, around two
thirds are held as ice within glaciers and ice sheets (the other third being in lakes, soils, rivers and the
atmosphere). Ice sheets and glaciers thus hold nearly 70%of the planet’s freshwater (Siegert, 2006). By far the
greatest ice volume is inAntarctica; ifmelted, sea levelwould rise by over 57m.The next largest ice sheet is in
Greenland, containing enough water to increase sea level by about 7m. The remaining ice caps and glaciers
in the world, if they too melted, would raise sea level by only ∼0.32m (Farinotti et al., 2019). Hence, the
greatest uncertainties to future sea-level rise relate to how the massive polar ice sheets will react to global
warming and at what point this response becomes impossible to halt, or irreversible, on human time scales.
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Sea level integrates and aggregates a range of climate processes
and, because of the long reaction times of ice and ocean processes,
lags climate forcing. Consequently, during episodes of global
warming, sea-level rise experienced at a particular date is
unlikely to represent the maximum expected from that

warming. “Built in” sea-level rise demands we consider
adaptation measures to protect our coastal communities, as
well as ways to reduce the problem through mitigation. The
amount that is built in and the level to which can mitigate further
increases are key issues for the 21st Century, including in the near
term of the next 2 decades given persistently high emissions
levels. This will determine whether and how we can inhabit
today’s coastal regions for the rest of this century and beyond
(Siegert et al., 2020; Aschwanden et al., 2021).

Sea Level Change Present and Past
Valuable insights into future sea-level rise can be obtained by
looking into records of past change over the last few decades, as
well as much further back in time during periods of previous
global warming. The fact that we know how much sea level has
risen in the last 150 years is due to a combination of tide-gauge
measurements from the 19th Century to highly precise satellite-
observations of ocean levels in the 21st Century. Satellite
altimetry from the last 30 years shows that all parts of
Greenland’s ice sheet are now losing mass (Sasgen et al., 2020)
(Figure 3). Furthermore, important regions of the Antarctic ice
sheet, where the ice rests on a bed >1 km below sea level that
deepens upstream, are thinning and losing mass rapidly
(Figure 3). Satellite data reveal the rate of West Antarctic
mass loss has increased six-fold since the early 1990s
(Shepherd et al., 2018), and it is the “marine” sections of the
ice sheet - where the ice is in contact with relatively warm water -
that are most vulnerable. In contrast, while the world’s glaciers
also contribute significantly to sea-level rise, the rate of

FIGURE 1 |Global sea-level change since the 1850s. Although the early
measurements were quite simple and lacked accuracy, they reveal an
upwards trend in sea level (about 0.8 mm every year) that is greater than the
margin of error. By the mid 1900s measurements became much more
accurate (the blue line) and show the rate of sea level rise to have increased to
around 2 mm per year. In the last few decades satellite measurements (the
black line) have provided highly accurate records of sea level and show the
rate of sea-level rise to now be over 3 mm each year. Taken from Siegert
(2017).

FIGURE 2 | Global sea level rise in the last 30 years. Adapted from the World Meteorological Organisation (2021).
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acceleration is smaller than for the ice sheets (Ciracì et al., 2020).
The ice-sheet contribution to sea level rise (mostly from
Greenland) now exceeds that from the world’s glaciers and, in
combination, they now exceed sea-level rise from thermal
expansion of the ocean. This trend is certain to continue in
the coming decades and indicates that future sea-level rise is likely
to be dominated by the response of the vast polar ice sheets to
warming-related processes. This will occur especially at high
levels of emissions and warming, as projections show that

valley glacier and ice cap loss will peak at mid-century and
subsequently decline as glacier ice disappears almost entirely
around 2200 under such scenarios.

Further back in time, extensive evidence shows that warming
has repeatedly driven large, rapid sea-level rise from ice-sheet
loss. At the peak of the last Ice Age, around 20,000 years ago, ice
sheets captured so much water from the oceans that global sea
level was ∼130 m lower than now (Lambeck et al., 2014). Ice Ages
are instigated by slight variations in Earth’s orbit and attitude,

FIGURE 3 | (A) Ice-loss in Greenland through direct melting of ice, caused by warm air and run-off of the water into the ocean. (B) Satellite measurements of ice
surface elevation change in Greenland, showing the zones of major ice sheet loss (in red)–the boxes show where most melting occurs. (C) Satellite measurements of ice
surface elevation change in Antarctica. The red colours show where ice is being lost and the box shows where this is happening most. (D) Ice-loss in Antarctica, through
ocean-driven melting of the ice sheet and floating ice shelves. In Antarctica the warm ocean flows beneath the floating ice shelf, causing it to melt from its underside,
which leads to further loss of the grounded part of the ice sheet. (B,C) are adapted from Pritchard et al. (2009). Taken from Siegert (2017).

Frontiers in Environmental Science | www.frontiersin.org September 2021 | Volume 9 | Article 7519783

Siegert and Pearson Reducing Uncertainty in Sea-Level Predictions

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


which lead to changes in the amount of solar radiation cast onto
the Earth, nudging the Earth system to drawdown atmospheric
CO2 to, and then release it back from, the deep ocean so
amplifying and globalising a major climate change response.
Such changes – ice ages paced by Earth’s orbit and driven by
atmospheric CO2 – have been recorded in the ice core record for
the last 800,000 years (Figure 4, Lüthi et al., 2008), and in the
sedimentary record for millions of years. The last deglaciation
was driven by an atmospheric CO2 increase from about 180 to
280 parts per million (ppm), leading to a global-average
temperature rise of ∼6°C to approximately pre-industrial
temperatures, and sea level to increase, on average, by 1.3 m
per century for about 10,000 years. While useful for a general
understanding of how ice sheets respond to warming, this long-
term average masks considerable variability at global and regional
scales (Harrison et al., 2019). At the height of the last deglacial
warming, during the Bølling-Allerød period around 14,000 years
ago, sea-levels rose about 18 m during 350 years, most likely
driven by the collapse of the Laurentide ice sheet (Deschamps
et al., 2012; Dutton et al., 2015). Although the vulnerable sectors
of today’s ice sheets are not so massive as the Laurentide, this
relatively recent event in Earth’s history indicates the potential for
rapid ice loss, and resulting sea-level rise, over a period of only a
few human generations.

Ice sheets, and their interactions with the ocean, were critical
to rapid climate change in the last deglaciation and will likely be
so this coming Century. They influenced climate by releasing
large quantities of water, via direct melting or by iceberg calving
into the oceans, so affecting ocean salinity-driven circulation
(Broecker, 2010). Ocean circulation is, in turn, important to ice
sheet growth/loss 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 important
feedback on surface reflectivity and the amplification of warming.
Third, ocean temperatures are a control on the rate of ice-sheet
decay where the ice is in direct contact with the water, as in West
Antarctica, and on the maintenance and stability of ice shelves,
which serve to slow ice sheet loss (Figure 3). 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) regional
temperature change.

In 2021, the average annual concentration of atmospheric CO2

is now at ∼415 ppm, and at a level comparable to a period around
5.3–2.6 million years ago, know as the Pliocene, when global
temperatures were around 3°C warmer than today and sea level
was at least 20 m higher at times.Whether the Pliocene represents
a direct analogue for our future, or whether the high rate of
change experienced over the last 150 years will push Earth toward
a different state, is a serious issue in climate and Earth system
science.

How Much Higher Could Sea Level Get by
2100?
Sea level rise will continue in the 21st Century, and well beyond it
(Siegert et al., 2020). Whether this rise will be contained to <1 m,
or be much higher, will depend on whether 1) we can curtail
greenhouse gas emissions to “net zero” by mid-Century, thus
stalling the atmospheric CO2 concentration – and then bringing it
down – so that global warming can be restricted to the 1.5°C
target (relative to the pre-industrial level), and 2) the polar ice
sheets will react more rapidly than observed to date, in ways we
know they can and have in the past (IPCC, 2019). At present, sea
level is tracking along the most severe prediction associated with
unabated emissions (e.g., the IPCC’s representative carbon
pathway RCP8.5) and consequent warming (Figure 5, Slater
et al., 2020).

Some glaciologists use numerical ice-sheet models to
understand how fast the polar ice sheets can release mass to
the ocean under warming scenarios. While such experiments are
useful in understanding processes that may be responsible for
mass loss, and much progress has been made in ice-sheet
modelling over the last few decades, there still exists a number
of limitations to the models that preclude accurate 21st Century
predictions. Siegert et al. (2020) point to six issues that urgently
need to be resolved as they would help reduce uncertainties in
predictions: 1) mapping of subglacial topography, as model

FIGURE 4 | CO2 Levels over the past 800,000 years. Note consistent pattern of glacial (ice age) CO2 concentrations around 180 ppm, and Inter-glacial (warmer/
pre-industrial) periods with around 280 ppm. The pre-industrial CO2 value was 277 ppm and today it is around 415 ppm. Adapted from Lüthi et al. (2008).
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outputs are only as good as the inputs, and the landscapes
beneath the Greenland and Antarctic ice sheets are far less well
resolved than the potential resolution of the models; 2)
collecting more ocean data at the ice-sheet marine margins
to better comprehend the supply of heat to the most vulnerable
sections of the ice sheet; 3) acquiring geophysical information
from the ice-bed interface, as the material properties of the bed
dictate how rapid the ice can flow to the ocean; 4) improving the
coupling between ice sheet, ocean and atmospheric models, to
allow feedbacks and process interplays to be factored into
predictions; 5) undertaking laboratory investigations of ice
fracturing, as it can lead to sudden changes in ice-sheet
conditions – such by the disintegration of floating ice

shelves; and 6) enhancing our knowledge of past changes in
order to “train” models.

Depending on which model is chosen and which climate
scenario plays out, one can arrive at predictions of both less
than (Edwards et al., 2021) and more than (DeConto et al., 2021)
1 m of sea level rise this Century from all sources. A reasonable
characterisation of the problem might be to conclude sea-level
rise of around 1 m by this Century is certainly possible, but higher
outcomes cannot be ruled out given uncertainties in the models
and the warming that will occur in coming decades. Resolving
modelling issues would help the problem greatly and is possible,
but would require a significant research effort and funding. Given
the benefit of reduced uncertainty in expected 21st Century sea
level rise to hundreds of millions of livelihoods, and trillions of
dollars of capital locked into coastal towns and cities, it seems
obvious that it should be a research imperative.

Improving models and their inputs alone may not be enough
to drive the necessary policies, however. In addition, an ‘early
warning system’ is needed to know whether the ice-sheet
environment is on a path to a >1 m sea-level rise by 2100.
Such a system, comprising satellites, airborne platforms,
robotic devices, field investigators and expert knowledge, is
already good but has major weaknesses in the ice-sheet
regions that are most vulnerable, and so this too requires
urgent action. The required technology to do this is largely
available, but the scale of deployment is presently inadequate.

Sea-Level Rise Under Mid-Century
Temperature Threshold Exceedance
Although studies using aggregated Earth system modelling, such
as Edwards et al. (2021), and more dynamical observation-based
models, such as DeConto et al. (2021), may appear to diverge in
21st century sea-level estimates, much of these differences
disappear in longer time frames. Unfortunately, however, too
few studies look beyond 2100 (a date set by the IPCC over
30 years ago for its first assessment of climate change, AR1)
despite the long-term response of ice sheets to warming. Much of
the public examination of DeConto et al. (2021) failed to take up
its finding of massive irreversible sea-level rise, especially under
high emissions (IPCC’s ‘RCP8.5’) where rates exceeded 5 cm per
year by 2150, resulting in 10 m sea-level rise from Antarctica
alone by 2300. In their model, under current nationally-
determined contribution (NDC) policies and measures (agreed
in Paris in 2015 and updated by some since), which might lead to
warming of 2°C around mid-century and 3°C by 2100, aggressive
CO2 removal initiated after 2060 (returning concentrations to
pre-industrial levels) could not halt continued ice loss. This is
because of the ocean-ice sheet interaction noted above, where
the ocean continues to hold heat even after the atmosphere
begins to cool, preventing maintenance of buttressing ice
shelves that could restrict ice loss. DeConto et al. (2021)
found threshold behaviour around 2°C of warming above
pre-industrial levels, after which significant ice loss from
Antarctica becomes irreversible. Under continued high-
emissions consistent with RCP8.5, as is currently occurring
with annual rates of increase in atmospheric CO2 of between

FIGURE 5 | Analysis of ice-sheet mass balance and IPCC sea level
projections. (A) Measured ice loss from Greenland and Antarctica plotted
against IPCC 5th Assessment Report predictions. “AR5 upper” range relates
to the “business and usual” RCP8.5 scenario, whereas the “AR5 lower”
range corresponds to the RCP2.6 scenario of strong action on carbon dioxide
emissions. (B) Components of observed (IMBIE) and predicted (as in (A))
annual sea-level contributions from Greenland and Antarctica between 2007
and 2017, broken into components of ice-dynamics and surface mass
balance (SMB). Adapted with permission from Slater et al. (2020).
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2 and 3 ppm (Schwalm et al., 2020), this 2°C threshold might be
passed in less than 20 years. DeConto et al. (2021) also found a
leap in rates of sea-level rise this century under RCP8.5 once 3°C
of warming was exceeded, a finding not inconsistent with
Edwards et al. (2021) when looking at 2100. The main
acceleration did not occur until 2120, however.

The latest Working Group I IPCC Assessment (AR6) of the
physical science took up these potential outcomes, stating in the
Summary for Policymakers that with very high emissions, global
mean sea level up to 2 m by 2100 and 5 m by 2150 “cannot be
ruled out due to deep uncertainty in ice sheet processes” (IPCC,
2021). Such long-term outcomes would commit hundreds of
millions of people to managed retreat in some of the most
populated urban areas of the world. While this may not
necessarily occur during the 21st century, many children of
today are likely to still be living when the consequences of
decisions made by adults today become apparent.

The contrast between the results of DeConto et al. (2021)
and Edwards et al. (2021) points to two urgent research needs.
First, to better understand committed and irreversible sea-
level rise requires that models look beyond 2100, in order to
more fully capture the total ice-sheet response, which
primarily arises after the arbitrary 2100 benchmark. To
stop at 2100 minimizes awareness of the impact of
warming, as well as future needs for adaptation and,
indeed, whether there are limits to what can be adapted
(Haasnoot et al., 2020). Second, rather than continuing to
aggregate modelling studies that often do not differentiate
between more and less robust models in terms of capturing ice
sheet behaviour, more dynamic-based studies are needed
because, as Bassis et al. (2021) indicate, different
assumptions about ice sheet behaviour may change
estimates and rates of sea-level rise to significant degrees.

Focusing future research efforts on the development of more
realistic, dynamical, observation-based models designed to reach
beyond the 2100 benchmark, will greatly improve projections of
coastal sea-level rise. It would provide invaluable support to
nations for planning purposes, as well as potentially
stimulating climate ambition by making the consequences of
delayed mitigation more accessible to decision makers, including
in the finance and insurance sectors.

Internationally-Coordinated Research, with
Funding Appropriate to the Risk
While the scientific challenge is urgent yet tractable, it requires
two essential elements. The first is a substantial increase in
funding to allow the required advances in modelling
technology and measurements. The second is international
agreement and collaboration, because this is an issue shared
by many that only requires one answer.

On funding, it is interesting to understand the present level
at which field and computer-based research into sea-level rise
is supported. Satellite data have proven essential to appreciate
the increasing severity of the issue, and several have been
launched over the last few decades on the order of £50–100m
per satellite, with consequential funding needed to process

data around £1–2m per year. While the former, as it is a
research asset, can be supported by one-off investments, the
latter, as it requires recurrent spending, would come from the
annual budget of a national research council. To place the
problem into context, the annual budget of United Kingdom
Natural Environment Research Council (NERC) is around
£300m, and that of the British Antarctic Survey is around
£50m. These sums might seem like a lot, but they must support
all areas of environmental science, maintain infrastructure and
provide logistics. While government funds can be found to
support large infrastructure needs, such as the
United Kingdom’s new £200m polar research vessel RRS Sir
David Attenborough, the funding to perform science using the
ship must come out of NERC’s annual budget, potentially
displacing other work if the costs are substantial. Hence, it
seems challenging to see how an annual investment of, say,
£100m for 10 years (£1Bn) into sea-level change would be
possible from the United Kingdom alone, given the present
funding arrangements.

While receiving less attention than polar bases and research
vessels, the human and computer resource needs for the
production of updated models, that encompass complex ice
sheet dynamics and ocean-ice-sheet-atmosphere interactions,
should not be underestimated. Use of less sophisticated
models, and those ending at 2100, is not merely an issue of
habit and “ease of use” for researchers, but results from
limitations on available post-doctoral and graduate students,
computer scientists and mathematicians to develop these more
complex models. Use of improved models, especially running
multi-century calculations in order to more fully capture the
totality of ice sheet and sea level response, is constrained by
availability of the super-computers needed to run and fine-tune
experiments, often stretching into weeks or even months of
computer time. Similar to polar research expeditions, a system
of more national and international efforts to produce models that
can be used as prognostic tools is needed to replace today’s more
ad hoc system of grants to individual research teams competing
for extremely limited funding.

This is not to say that expensive polar-based scientific projects
have not, and cannot be, supported. The IceCube neutrino array
at South Pole cost around $280m in 2010, the bulk of which can
from the US National Science Foundation (NSF). However, while
we cannot discount the possibility of substantial increases in the
budgets of research councils specifically for sea level research,
there may be an alternative approach that can be accommodated
by more modest levels of national support; international
coordination, collaboration and cost-sharing.

One programme that could be used as a template for future
collaborative efforts is the International Thwaites Glacier
Consortium (ITGC), led by the NSF and NERC, but also
involving other nations, to better understand the processes
driving mass loss in this vulnerable section of the West
Antarctic Ice Sheet, the collapse of which may lead to
unusually high rates of sea-level rise. There are multiple
benefits of such an arrangement: 1) pooling talent; 2)
deploying logistics; 3) mobilising facilities; and 4) sharing
costs. The outcome is a programme that achieves more science
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than a national programme and at a reduced cost per nation. Such
a programme also makes good use of facilities and logistics, and
forms long-term research relationships that may lead to future
collaboration. There are other examples, such as the ANDRILL
and Cape Roberts drilling programmes, and the Integrated Ocean
Drilling Programme (IODP), each having a similar collaborative
element at their cores. With cost sharing between 10 nations,
£10m each per year for 10 years would deliver £1Bn but this may
still seem prohibitive from a research council perspective.

While the £1bn over 10 years price tag is nominal (although
probably in the right ball park), it should be noted that this was
precisely the level of funding agreed in 2016 by the Oil and Gas
Climate Initiative (OGCI)- ten major oil and gas companies each
providing £10m per year for 10 years –which initially was formed
to support research and innovation on (predominantly) methane
leaks and carbon capture and storage, so reducing emissions
while reducing inefficiencies and potentially extending their
existence into the zero carbon transition. Surely we can
provide a similar amount for coordinated sea level research,
especially given the need for more realistic and responsive
coastal planning that ultimately would reduce loss and damage?

The answer to the sea-level funding problem is to realise that
while research investment is needed, the major beneficiaries from
the knowledge generated are likely to be non-scientific; i.e., our
coastal communities, and the governments (local and national)
overseeing adaptation plans and the development of new city
infrastructure, as well as those in finance and insurance

responsible for the security of investments. Because of this, it
is perhaps inappropriate to expect scientific research councils to
fund such a programme from their existing resources. As an
international problem of the most critical nature, it requires an
international solution with a suitable allocation of central
government support, such as has been offered to alleviate the
global COVID-19 crisis.

As international leaders convene in Glasgow in November
2021 to agree emissions reduction targets, they should also
consider how international cooperation and support can lead
to reduced sea-level rise uncertainty, and form a plan to achieve
this within the coming decade. Political leaders and the scientific
community would thereby provide a more secure future not only
for the latter half of this century, but also for coming generations.
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