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Sea level rise from Antarctic collapse

may be slower than suggested

Impact on sea level of Antarctic ice sheet collapse

Summary: A new study by scientists in the UK and France
has found that Antarctic ice sheet collapse will have
serious consequences for sea level rise over the next two
hundred years, though not as much as some have
suggested.

This study uses an ice-sheet model to predict the consequences

of unstable retreat of the ice, which recent studies suggest has
begun in West Antarctica. Scientists, led by Catherine Ritz from
Université Grenoble Alpes in France and Tamsin Edwards from
The Open University, predict that the contribution is most likely to
be 10 cm of sea-level rise this century under a mid- to high-climate
scenario, but is extremely unlikely to be higher than 30 cm. When
combined with other contributions, that's a significant challenge
for adapting to future sea level rise. But it's also far lower than
some previous estimates, which were as high as 1 meter from
Antarctica alone.
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The study's central estimate raises the Intergovernmental Panel on
Climate Change (IPCC) central prediction of 60 cm global sea-
level rise by just a few centimeters under the mid to high scenario
they used. But the UK and France team's method allowed them to
assess the likelihood of sea-level rise from substantial parts of the
Ice sheet collapsing, which the IPCC could not due to a lack of
evidence. They predict there is a one in twenty chance that
Antarctic collapse could contribute more than 30 cm sea-level rise
by the end of the century and more than 72 cm by 2200. This does

not rule out larger contributions on longer time scales.

Their method is more comprehensive than previous estimates,
because it has more exploration of uncertainty than previous model
predictions and more physics than those based on extrapolation or
expert judgment.

The paper 'Potential sea-level rise from Antarctic ice sheet
instability constrained by observations' is published on 18"
November, 2015 in the academic journal Nature.

pdf reprint follows.................
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Potential sea-level rise from Antarctic ice-sheet
instability constrained by observations

Catherine Ritz"?*, Tamsin L. Edwards>*#, Gaél Durand"?, Antony J. Payne?, Vincent Peyaud"? & Richard C. A. Hindmarsh®

Large parts of the Antarctic ice sheet lying on bedrock below sea
level may be vulnerable to marine-ice-sheet instability (MISI)!, a
self-sustaining retreat of the grounding line triggered by oceanic
or atmospheric changes. There is growing evidence?™* that MISI
may be underway throughout the Amundsen Sea embayment
(ASE), which contains ice equivalent to more than a metre of global
sea-level rise. If triggered in other regions®, the centennial to
millennial contribution could be several metres. Physically plausible
projections are challenging®: numerical models with sufficient
spatial resolution to simulate grounding-line processes have been
too computationally expensive>>!° to generate large ensembles for
uncertainty assessment, and lower-resolution model projections!
rely on parameterizations that are only loosely constrained by
present day changes. Here we project that the Antarctic ice sheet
will contribute up to 30 cm sea-level equivalent by 2100 and 72 cm
by 2200 (95% quantiles) where the ASE dominates. Our process-
based, statistical approach gives skewed and complex probability
distributions (single mode, 10 cm, at 2100; two modes, 49 cm and
6 cm, at 2200). The dependence of sliding on basal friction is a key
unknown: nonlinear relationships favour higher contributions.
Results are conditional on assessments of MISI risk on the basis of
projected triggers under the climate scenario A1B (ref. 9), although
sensitivity to these is limited by theoretical and topographical
constraints on the rate and extent of ice loss. We find that
contributions are restricted by a combination of these constraints,
calibration with success in simulating observed ASE losses, and
low assessed risk in some basins. Our assessment suggests that
upper-bound estimates from low-resolution models and physical
arguments’ (up to a metre by 2100 and around one and a half by
2200) are implausible under current understanding of physical
mechanisms and potential triggers.

It is not yet clear’ whether human-induced climate change has
influenced the circulation of warm Circumpolar Deep Water driv-
ing grounding-line retreat* of Pine Island Glacier, Thwaites Glacier
and other glaciers in the ASE, or how this circulation might change
in future’. However, grounding-line retreat under MISI is proposed
to occur at a rate more or less independent of the original trigger and
may continue even if that trigger diminishes®. MISI can be limited
by buttressing from ice shelves or specific configurations of bedrock
topography"!? and possibly also higher friction at the bed*!*!4, Tt has
been suggested that grounding-line retreat could continue in the ASE
for decades? to centuries®* owing to weak topographical constraints,
possibly slowed in Pine Island Glacier by a region of higher friction
behind the grounding line*!*!4. MISI could be triggered elsewhere by
ice-shelf collapse and/or exposure of further ice shelves to Circumpolar
Deep Water, both of which are projected in some regions®” under the
Special Report on Emissions Scenarios (SRES) A1B climate scenario’.
Here we aim to quantify the dynamic contribution of the Antarctic ice
sheet to sea level in the event of MISI under A1B.

We take a statistical-physical approach, using a numerical ice-sheet
model'® supplemented by statistical modelling of the probability of
MISI onset. The statistical modelling represents the ocean and atmos-
pheric drivers of MISI and the response of ice shelves, which are poorly
known owing to the modelling challenges described earlier. We assign
probabilities of MISI onset as a function of time until 2200 in each of
11 sectors (Extended Data Fig. 1a) using expert synthesis of observed
grounding-line retreat and thinning®!®!” and projected ice-shelf
basal®!® and surface” melting under A1B.

The response of the grounding-line position to MISI onset is rep-
resented with a new parameterization: if a MISI trigger occurs in a
sector, the potential rate of retreat is a function of the basal friction
coefficient at each part of the current grounding line (Extended Data
Fig. 2c-e), with the form of the dependence (Extended Data Fig. 1b)
based on theoretical considerations'. Grounding-line response is
modified by two ice dynamical conditions that allow retreat to occur
only if bedrock is downsloping from the margin (but allowing retreat
over small bumps) and only at a rate not exceeding the theoretical
limit!. The response is also modified by the basal friction law—the
relationship between basal friction and sliding velocity—which has
three possible configurations in this study: linear-viscous, nonlinear
Weertman, or plastic flow.

To assess modelling uncertainties, we generated a 3,000-member
ensemble sampling MISI onset dates in the 11 sectors, 3 parameters
governing retreat rate, bedrock topography, and the form of the basal
friction law. We weighted the ensemble members in a Bayesian statis-
tical framework with the difference between simulated and observed
mass losses in the ASE (the only region where grounding-line retreat
has been observed) to obtain calibrated projections. Details and pro-
jections are in Supplementary Information.

Observational calibration gives greatest weight to the ensemble
members that most successfully simulate present day ASE mass loss.
The expected mass trend from 1992 to 2011 is —59.04-13.5Gt yr},
where the standard deviation is dominated by a conservative toler-
ance for model error (Supplementary Information, section 1.7). The
range of simulated mass trends is —13.4 to —218.3 Gtyr™ !, with 39% of
the ensemble more than three standard deviations from the expected
trend, of which nearly all simulate losses that are too large. Parameter
values that generate the most rapid and widespread present day retreat
in the ASE are thus effectively ruled out. These also tend to give the
highest sea-level projections, so calibration decreases projected quan-
tiles. Medians at 2100 and 2200 decrease by 33% and 20%, and 95%
quantiles by 36% and 30%, respectively; the modes, however, increase,
particularly at 2200 owing to a shift in density from one local mode
to the other.

Spatial patterns of the probability of ungrounding (Fig. 1) show how
local bed elevation, slope and friction strongly modulate the response
to MISI onset. We find that the region with the highest probability
of ungrounding and sea-level contribution is the ASE, owing to the
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Figure 1 | Projected grounding-line retreat. a, b, Probability density
estimates of grounding-line retreat at 2100 (a) and 2200 (b), overlaid on
bedrock topography?. Red lines show 0.05 contour: an estimated 95%
probability that retreat will be less extensive than this. ¢, d, ASE with Pine
Island (PIG) and Thwaites glaciers.

combination of topography (downsloping bedrock below sea level) and
low friction (Extended Data Fig. 2c—e). Our 95% quantiles for the ASE
are 25cm at 2100 and 48 cm at 2200 (all values are sea-level equivalent
and, unless specified otherwise, 95% quantiles). The Thwaites region,
which includes the Smith and Kohler glaciers®, contributes the greater
part of this: 58% at 2100 and 53% at 2200. This is partly due to the
basin definition, but is also due to relatively rapid and substantial thin-
ning of Thwaites upstream of the grounding line (see Supplementary
Video 1). The Peninsula and Marie Byrd Land hardly respond,
despite being assigned the same probabilities of onset as the ASE
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Figure 2 | Projected sea-level rise. a, Quantiles of Antarctic dynamic
mass losses in cm sea-level equivalent as a function of time. b, Probability
densities at 2100 and 2200. ¢, Probabilities of exceeding particular
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41617) because

(owing to observed grounding-line retreat and thinning
their bedrock is largely above sea level.

Although basin contributions depend partly on coastline length, sim-
ilar topographical limits are seen elsewhere: on the basis of projected
ice-shelf surface and basal melting”%, Princess Elizabeth Land and
MacRobertson Land are assigned substantial probabilities of MISI but
contribute only 1 cm by 2200, while Dronning Maud Land is assigned
lower probabilities but contributes up to 4 cm by 2100 and 8 cm by 2200.
Responses also vary across the three basins of the Ronne-Filchner sec-
tor, which are assigned identical onset dates on the basis of projected
Circumpolar Deep Water intrusion®. Ellsworth shows widespread
ungrounding, with the 95% quantile at 2200 approximately delin-
eating a previously deglaciated region'® (Fig. 1 and Extended Data
Fig. 3a), and contributes 9 cm by 2200; Shackleton Range and Pensacola
Mountains show much less retreat and contribute 6 cm and 4 cm,
respectively.

For Totten Glacier in Wilkes Land, our results suggest that if cur-
rent dynamic thinning is MISI driven by Circumpolar Deep Water?,
the region has some potential for ungrounding (up to 5cm by 2200).
The Siple Coast is assigned a small probability from ice-shelf basal
melting!® but, when triggered, ungrounding is widespread owing to
low basal friction (Extended Data Fig. 2c); we estimate that the total
risk is small (up to 3 cm by 2200). These constraints are not absolute
bounds—greater deglaciation has occurred in the past over longer time
scales’—but appear to limit the amount of ice that can be lost in two
centuries. Extended Data Figure 4 illustrates the effects of the two ice
dynamical conditions, for example in George V Land, which is thought
to be vulnerable in the long term® (Supplementary Information,
section 2.2.1).

The total continental contribution to sea level is relatively low in the
first century and accelerates in the second (Fig. 2a), although a second
mode emerges at 6 cm by 2200 (Fig. 2b). The probability of exceeding
10 cm rises rapidly this century to 57% at 2100; for exceeding halfa
metre, it reaches only 33% at 2200 (Fig. 2c, d).

We find that the rate of sea-level rise from the ASE could be substan-
tial this century: up to 1.3mmyr~! by 2050 and 2.1 mmyr ! by 2100
(Fig. 3). However, many simulations stop (near zero mode at 2100 and
local mode at 2200; Fig. 3b) or slow their retreat, particularly those with
a linear—viscous friction law, so the 95% quantile at 2200 (1.1 mmyr™?)
is half that at 2100. Narrow zones of higher friction (hard bedrock)
situated a few tens of kilometres upstream impede further retreat
(Extended Data Fig. 3b). Extended Data Figure 5 shows this and other
threshold behaviour dependent on friction law.

The strong dependence of ASE response on basal friction law lies
behind the bimodal projections for Antarctica at 2200 (Extended
Data Fig. 6). Projections of MISI using one friction law**!? may
systematically under- or overestimate sea-level rise and will almost
certainly underestimate its uncertainty. Although the sensitivity of

b 100 2100
568 — 2200
£>) *QC: 60
§§ 40
3 20
° o
2150 2200 0 0.01 0.02 0.03 0.04 0.05
Density
d o 2100
S —
5 < 80 — 2200
> O
£ 9 60
88 40
S8
£¢2
® 0
2150 2200 0 20 40 60 80 100

Sea-level equivalent (cm)

thresholds as a function of time. d, Probability of exceeding any threshold
at 2100 and 2200.

© 2015 Macmillan Publishers Limited. All rights reserved



a__ 3 Quantiles (%)
L 25 95
4e o] @
E’_) E 15 = 50
6¢ 7] m2s
25 ™5
& § 05
<
°© 0
2000 2050 2100
Year
C 100 Thresholds (mm yr)
5 & 80y 050
e = 1.00
[0}
25 601 mmq5o
55 4] mm200
E 8 20
3 ol
2000 2050 2100
Year

Figure 3 | Projected rate of sea-level rise from the Amundsen Sea.
a, Quantiles of the rate of ASE dynamic mass losses in mm yr ' sea-level
equivalent (SLE) as a function of time. b, Probability densities at 2100

grounding-line migration to friction law has been explored pre-
viously>!>!4, a fully Bayesian approach allows us to quantify the
probabilistic contribution to uncertainty in sea-level rise. Extensive
observations of basal type and hydrology, and better theoretical under-
standing of basal hydrology and sliding, would be needed to reduce
this uncertainty.

Sensitivity to onset probabilities is limited for most basins by
glaciological constraints that slow or stop retreat (Supplementary
Information, section 2.2.2). Altering retreat onset probabilities by
4 20% changes basin 95% quantiles at 2200 by up to about 1 cm,
and using early or late ASE onset dates (2000-2010 or 2020-2030)
changes the 95% quantile at 2200 by less than 2 cm (Extended Data
Fig. 9a). Only Shackleton, Siple Coast and Transantarctic Mountains
(Extended Data Fig. 9b-d) approach a linear response; increasing
Siple Coast onset probabilities tenfold increases the 95% quantile at
2200 by 8 cm.

Observational calibration reduces projected quantiles by constrain-
ing the maximum rate of retreat and the regions over which this can
occur (Extended Data Figs 7 and 8), mainly in the ASE. It presupposes
that the best parameter values in one region are the best everywhere
(although not the sliding law, which is not calibrated because it var-
ies spatially; Supplementary Information, section 1.7). To assess the
effect of this, we estimate that calibrating only the ASE contribution
would increase 95% quantiles by approximately 6 cm (22%) at 2100
and 21 cm (29%) at 2200. Results are robust to other calibration choices
(95% quantiles at 2200 vary by a few centimetres; Supplementary
Information, section 2.2.4).

Our results are consistent with regional high-resolution model pro-
jections. In particular, projected ice losses by 2200 under A1B driven by
one of the ocean simulations on which we base our onset probabilities'’
lie within our uncertainty estimates for the ASE (19-30% quantiles),
Ronne-Filchner (Ellsworth, Pensacola Mountains, Shackleton: 56-65%
quantiles) and Ross basins (Siple Coast, Transantarctic Mountains:
90%; tenfold Siple Coast probabilities 80%). For Marie Byrd Land, the
high-resolution projections are lower than our ensemble, but the con-
tribution to our result is less than a centimetre. Projected rates for Pine
Island and Thwaites glaciers are also consistent with high-resolution
modelling under idealized basal melting scenarios, and continental
totals with a statistically based projection assuming ASE collapse in
2012 and linear growth of ice discharge elsewhere?® (Supplementary
Information, section 2.1).

Our projections are essentially incompatible with upper-bound esti-
mates for MISI*?*! of around 50-80 cm by 2100 and 140 cm by 2200
derived from physical arguments, extrapolation or low-resolution
numerical models, and around 1 m by 2100 (95% quantile) from expert
elicitation?. Half a metre of sea level rise by 2100 is not exceeded at
the 99.9% quantile (uncalibrated: 98% percentile). Contributions of
around 1 metre by 2100 were obtained (Extended Data Fig. 10 and
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Supplementary Information, section 2.2.3) by setting the parameter
values to maximize ice loss and additionally either violating the theo-
retical limit or triggering immediate MISI everywhere (in 2000 for the
Peninsula, ASE and Marie Byrd Land; 2020 elsewhere), but we do not
consider these realistic. One metre by 2200 is exceeded at the 99.9%
quantile (uncalibrated: 95% percentile).

We therefore find that MISI in the ASE could drive large and rapid
sea-level rise but that the total Antarctic contribution is moderated
by important physical constraints. Large uncertainties remain, in
particular basal friction and its evolution, and further observations
of surface and grounding-line changes would improve initialization
and calibration. Future advances (high-resolution simulation of the
ice-sheet—ice-shelf-ocean system; increased computational resources)
will improve representation of the processes we parameterize and
allow ensemble methods, while comparing multiple models would
explore other representations of ice dynamics. But, given current
understanding, our results indicate that plausible predictions of
Antarctic ice-sheet instability leading to greater than around half a
metre of sea-level rise by 2100 or twice that by 2200 would require
new physical mechanisms?, new projections of MISI triggers,
or both.
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Extended Data Figure 1 | Grounding-line retreat parameterization.
a, Cumulative probability distributions of MISI onset for 14 basins
(Fig. 1) aggregated into 11 independent sectors. b, Piecewise linear
parameterization prescribing the dependence of grounding-line retreat
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rate on the logarithm of the effective basal friction coefficient (Extended
Data Fig. 2). Each of the 1,000 functional forms is a variant used in the
ensemble; a subset are shown in bold as examples. See also Supplementary
Information, sections 1.6.1, 1.6.2.
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Extended Data Figure 2 | Initialization and basal friction evolution.
a—c, Initial values of the difference between simulated and observed
surface elevation (a); velocities averaged over ice thickness (b); the
logarithm of the initial effective basal friction coefficient, « =logo(51’
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Fig. 2) with retreat probability contours at 2200 for the Weddell Sea sector (a) and ASE (b): for example, there is an estimated 33% probability that
grounding-line retreat will be less extensive than the 66% contour.
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Extended Data Figure 4 | Ice dynamical conditions for retreat. grounding-line retreat along strictly downsloping bedrock (b); ‘no suction’
a—c, Surface elevation changes at 2200 in the ensemble member with check off, thereby allowing thinning due to grounding line retreat to occur
maximum sea-level contribution at 2200 (plastic sliding law): standard faster than the theoretical limit (c). See also Supplementary Information,
settings (a); ‘Schoof flux’ condition off, thereby only allowing section 2.2.1.
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Supplementary Information, section 1.7.
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in which 20% of simulations are set to zero contribution; ‘late retreat’, section 2.2.2.

in which all simulations begin retreating between 2020 and 2030; and
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